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Cytokinesis is the terminal phase of the cell cycle through which the cellular
constituents of mother cells are partitioned into two daughter cells resulting in an
increase in cell number.  The spatio-temporal regulation of cytokinesis is
important for successful division, the failure of which may result in cells with
altered ploidy and loss of viability.  In recent years, the fission yeast
Schizosaccharomyces pombe has emerged as an attractive model organism for the
study of cytokinesis.  S. pombe is a rod-shaped unicellular fungus that grows by
elongation at the tips.  Like the metazoan S. pombe cells divide by medial fission
through an actomyosin based contractile ring producing two daughter cells of
equal size. The actomyosin ring consists of about 50 different proteins including
actin, actin regulatory proteins, type II myosin heavy and light chains.  The
mechanism by which various components of the actomyosin ring associate with
each other to form a functional complex remains to be determined.
The ordered execution of cell cycle events requires surveillance mechanisms, or
cell cycle checkpoints, which ensure that the initiation of later events is coupled to
the completion of earlier cell cycle events (Hartwell and Winert, 1989).
Checkpoints that monitor completion of DNA synthesis, DNA damage and
mitotic spindle assembly have been extensively characterized in various
eukaryotes.  However, the existence of a similar monitoring mechanism for the
completion of cytokinesis has remained an open question.  Fission yeast mutants
defective in actomyosin ring formation and function exhibit a delay in entry into
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the subsequent nuclear division cycle following cytokinetic failure.  This G2
delay depends on the Septation Initiation Network (SIN), a signaling network
essential for cytokinesis, and on the non-essential Cdc14p family phosphatase
Clp1p / Flp1p and has been proposed to signify a “cytokinesis checkpoint”.
However the physiological significance of such a checkpoint and the molecular
role of Clp1p in the process remain to be determined.
In the first half of this study I demonstrate that fission yeast heat-shock protein 90
(Swo1p) is essential for actomyosin ring assembly.  I provide evidence that
Swo1p together with the UCS domain protein Rng3p modulates the stability and
function of type II myosin Myo2p of fission yeast.  Temperature sensitive alleles
of swo1, show strong genetic interaction with a specific mutant allele of the
fission yeast type II myosin head myo2-E1, but not with two other alleles of myo2
or with mutations affecting 14 other genes important for cytokinesis.  myo2-E1
and rng3-65 mutants show heightened sensitivity to the Hsp90 inhibitor
geldanamycin.  I further show that Swo1p and Rng3p physically associate with
the head domain of Myo2p, and Myo2-E1p levels are reduced in the absence of
Swo1p and Rng3p.  My analysis establishes that Swo1p and Rng3p collaborate in
vivo to modulate myosin II stability and function.
In the second half of this study I demonstrate the physiological significance of the
cytokinesis checkpoint in fission yeast.  I show that delays in cytokinesis caused
by minor perturbations to different components of the cytokinetic machinery,
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which normally causes only mild defects, become lethal in the absence of Clp1p.
The cell division apparatus is repaired and reinforced in response to activation of
the cytokinesis checkpoint.  Ectopic activation of SIN significantly bypasses the
requirement of Clp1p for the G2 delay as well as completion of cytokinesis. I
further show that Clp1p, normally nucleolar in interphase is maintained in the
cytoplasm until completion of cytokinesis and the cytoplasmic retention of Clp1p
is essential for checkpoint activation.  This cytoplasmic retention of Clp1p is
dependent on the SIN and the 14-3-3 protein Rad24p.  Rad24p binds to the
phosphorylated form of Clp1p.  This physical interaction depends on the function
of the SIN component Sid2p.  I conclude that the Clp1p-dependent cytokinesis
checkpoint provides a previously unrecognized cell survival advantage when the
cell division apparatus is mildly perturbed.
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11 Introduction
1.1 The cell division cycle and cytokinesis.
Growth and reproduction is fundamental to life.  Cells, which constitute the basic
building block of all living organisms, undergo a series of events, termed as cell
cycle to achieve this end. The cell cycle consists of four distinct phases: G1 (Gap)
phase, S (Synthesis) phase, G2 (Gap) phase, collectively known as interphase
which results in net growth of cells and faithful duplication of its genetic material
and M (Mitosis) phase. M phase is itself composed of two tightly coupled
processes: mitosis, in which the cell's chromosomes are equally portioned
between the two daughter cells, and cytokinesis, in which the mother cell
physically divides to give rise to two independent daughters.
Cytokinesis is the final event of the cell cycle that physically separates the mother
cell into two independent daughter cells. While the absence of cytokinesis is
sometimes necessary under certain specialized circumstances, for example in the
slime mould Physarium or during the early development of Drosophila embryos,
cytokinesis is essential for proliferation and differentiation of an actively growing
cell population.  In the absence of cytokinesis, control over ploidy is lost, as well
as potential for growth of cellular population. In order to generate two identical
daughter cells from mitosis, the fidelity of cytokinesis must be precisely
controlled in establishing the spatial orientation of the cleavage plane and in the
2actual timing of the cleavage onset (Glotzer 2001; Guertin et al. 2002;
Balasubramanian et al. 2004).
Though cytokinesis is the most readily visualized cell cycle events and was first
documented more then a hundred years ago (Rappaport 1996), the molecular
mechanisms underlying this process are only beginning to emerge. Most of the
early insights into cytokinesis came from clever micromanipulation experiments
carried out by embryologists studying echinoderm and Xenopus embryos
(Rappaport 1996).  These studies led to great insights into the cellular structures
that orchestrate cell division, but the underlying molecular machinery was largely
unknown.  In recent years details are emerging on the molecular pathways that
regulate various stages of cytokinesis and how they are coordinated with and by
other events of the cell cycle.  This has been facilitated by studies on model
organisms with facile genetics and improved light microscopic methods as well as
advances in functional genomics and proteomics methods including systematic
RNA interference (RNAi) screens (Guertin et al. 2002; Balasubramanian et al.
2004; Eggert et al. 2006). It has become apparent that cytokinesis like mitosis
occurs in distinct stages, which include site selection, assembly of contractile
components, activation of contraction, new membrane insertion and septation (in
yeast cells) and cell separation (Guertin et al. 2002; Balasubramanian et al. 2004;
Eggert et al. 2006).
Though the purpose of cytokinesis is universal, there are variations in its
execution in different organisms and cell types.  Each organism or cell type seems
to have evolved its regulatory circuit according to its particular needs.  In a
number of eukaryotic cells, including yeast, nematodes, insects and mammals,
3cytokinesis is achieved through the use of an actomyosin-based contractile ring
(Hales et al. 1999). However, studies done with Dictyostelium cells deficient in
expression of either the heavy or the light chain of myosin II were capable of
dividing on a solid substrate (De Lozanne and Spudich 1987; Pollenz et al. 1992;
Chen et al. 1994).  Similarly in certain genetic backgrounds, type II myosin is also
dispensable for cytokinesis in the budding yeast, Saccharomyces cereviciae (Bi et
al. 1998).  In plant cells, on the other hand, cytokinesis does not appear to involve
the function of an actomyosin ring, but is achieved through the assembly of a new
cell wall at the division site (Jurgens 2005).  In yeast and other fungal cells, cell
wall materials are concomitantly deposited between the two daughter cells as the
actomyosin ring constricts.  The primary septum is ultimately digested by septum
cleaving enzymes physically liberating the two daughter cells (Guertin et al.
2002).  Given this diversity observed in different organisms it is important to
study cytokinesis using various experimental systems to gain a relatively
complete understanding of the mechanisms regulating this cellular event.
1.2 Cytokinesis: early insights
Division of living cells could be observed with relative ease long before the
process could be satisfactorily analyzed by experimentation.  Most of the early
insights into cytokinesis came from clever micromanipulation experiments carried
out by embryologists studying the division of fertilized eggs of marine
invertebrates (Rappaport 1996).  The eggs could be collected in large numbers,
maintained in seawater or simple saline medium and be induced to undergo
synchronous divisions upon fertilization.  Furthermore they are durable, large
4enough to experimentally manipulate and transparent thereby making cell division
events like condensation of chromosomes, formation of mitotic spindles and
asters and the formation of cleavage furrows observable in real time under the
light microscope (Rappaport 1986).  These early reports lead to many descriptive
accounts of mitosis and cytokinesis and much speculation concerning the physical
process underlying the visible events.  It was postulated that the mitotic apparatus
would be involved in the events of cytokinesis to the same extent that it was
involved in the physical events of mitosis (Wilson 1928).  This early theory was
disproved when it was shown that cell division proceeded even after the removal
of various parts of the mitotic apparatus or nucleus of a sand dollar egg by means
of micromanipulation or disruption of the same by aspiration after the division
plane was specified (Hiramoto 1956; Hiramoto 1971).  Similar results were
obtained when the spindle structure was disassembled by using the drug
clolchicine (Beams 1940).  These results implied that the physical mechanism
responsible for furrow formation was located at the cell surface.  The observed
co-relation between the position and orientation of the mitotic apparatus and the
furrow was then explained by the hypothesis that the mitotic apparatus altered the
region of the overlying cortex by some form of stimulatory activity (Rappaport
1967).   This assumption was supported by a frequently made observation that, in
eggs flattened to such an extent that the mitotic apparatus was abnormally
oriented, the furrows were also abnormally oriented with respect to the egg axis,
but normal with respect to the mitotic apparatus(Rappaport 1961; Rappaport and
Ebstein 1965; Rappaport 1971).  The formation of the furrow was attributed to the
re-organization of subsurface cytoplasm in the equatorial plane that eventually
resulted in the formation of a cleavage furrow.  It lead to the assumption that
cytokinesis is a multi step process. During the first step the mitotic apparatus
alters the overlying cortical surface and then becomes dispensable.  In the second
5step the altered surface organizes the division mechanism and in the last step the
division mechanism actively constricts the cell (Rappaport 1971).
Micromanipulation of fertilized eggs of marine invertebrates was instructive in
addressing issues concerning the source of the signal as well as the time and
duration of the interaction required between the cortex and the mitotic apparatus.
The time when the furrow is fixed in the overlying cortex was determined by
inactivating or removing the mitotic apparatus at different times before furrowing
was anticipated.  Experiments with echinoderm eggs in which the mitotic
apparatus was dissociated by colchicine, revealed that at some point during late
anaphase the presence of a normal mitotic apparatus was no longer required for
furrowing (Beams 1940).  Hiramoto (Hiramoto 1956) found that echinoderm eggs
from which spindles were removed by microsurgery after anaphase, subsequently
divided.  The fact that the cortex of the entire embryo was competent to form the
cleavage furrow was also demonstrated by experiments where the mitotic
apparatus was moved around in the cells. Harvey (Harvey 1935) centrifuged sea
urchin zygotes to displace the mitotic apparatus and the subsequent division plane.
Rappaport (Rappaport 1985) moved the mitotic apparatus repeatedly in cylindrical
sand dollar eggs and observed that a single mitotic apparatus could induce the
formation of multiple (up to 13) cleavage furrows; each time, a furrow formed at
the new position of the mitotic apparatus, while the old furrow regressed.
However two opposing hypotheses were eventually postulated for the formation
of the cleavage furrow.  The poles or the equator can behave differently if one of
the two is changed.  Which of the two regions was actively altered became a point
of speculation.  The equatorial stimulation hypothesis proposes that an instructive
6signal is delivered by the interdigitating asters (or the spindles depending on the
cell type) and the cleavage furrow is formed by a direct response in the stimulated
equatorial region (Marsland and Landau 1954; Rappaport 1961; Rappaport 1967).
The polar stimulation (relaxation) model on the other hand proposes that, asters or
the telophase nuclei deliver signals that stimulate the activity of the poles (Swann
and Mitchison 1958; Wolpert 1960; White and Borisy 1983).  This stimulus leads
to the relaxation of the polar cortex or dampens down cortical contraction
everywhere except the furrow.  Though apparently opposing, the two models are
not mutually exclusive and the possiblity that both contribute to furrow formation
remains.
Most of these early observations from micromanipulation experiments were found
to be consistent with the equatorial stimulation hypothesis.  In a classic
perforation experiment, a hole was made perpendicular to the long axis of the
mitotic apparatus before it's formation (Dan 1943).  Punctures made on any part
of the surface outside the equatorial region had no effect on division but when the
cell was perforated in the equatorial plane such that a block was imposed in the
equatorial region between the spindle and overlying cortex, furrowing of the
cortex near this region did not occur.  Similar results were obtained when the
stimulus was blocked in the equatorial plane by introduction of oil droplets or
glass needles (Rappaport and Rappaport 1983).  Another set of ingenious
experiments carried out in sand dollar eggs demonstrated that the cleavage furrow
formed midway between the asters even when the two centromeres were not
connected to each other by the spindles there by proving yet again that the
overlapping microtubule asters and not the chromosomes or any other part of the
spindle signals to the cell cortex to indicate the position of cleavage furrow
formation (Rappaport 1961).  The center of an undivided sand dollar egg was
7pushed by the tip of a glass needle to make a doughnut-shaped cell.  The mitotic
apparatus formed eccentrically in this cell and the doughnut was cut in the center
by the first cleavage, as expected.  The second division though was very
revealing.  Two furrows formed normally, being determined by the two centers of
the mitotic apparatus.  In addition, an extra furrow was formed at the intersection
of the two asters from the two different mitotic apparatus.
1.2.1 The contractile ring
The nature of the contractile mechanism was another area, which received much
attention during these instructive early studies.  Marshland and Landau (Marsland
and Landau 1954) when studying the effects of temperature and pressure on the
cleavage of eggs of various animals proposed that the force generated at the
cleavage furrow resulted from contraction of a superficial gel in the equator.
They went on to propose that there was a turnover of contractile material in the
furrow that involved a continuous series of sol-gel reactions.  That the cleavage
furrow actually exerted force was confirmed by microinjection of oil in dividing
sea urchin eggs (Hiramoto 1965).  The droplet was constricted by the ingressing
furrow, indicating that a force larger than the surface tension of the oil droplet in
the cytoplasm was generated in the furrow.  The extent of the force was measured
directly in a cleaving sand dollar egg (Rappaport 1967).  Two micro-needles one
rigid and the other flexible and calibrated, were inserted in a dividing sand dollar
egg and the force in the range of 1.5-9 X 10 –3 dyn/cm2 was measured by
determining the degree of bend imparted by the furrow in the flexible micro-
needle.
8Electron microscopic studies around the same time revealed that the contractile
ring really exists as a bundle of microfilaments surrounding the cell at the equator.
Schroeder (Schroeder 1968), reported the presence of microfilaments in the
cleavage furrow of a jellyfish egg oriented parallel to the cleavage plane. Since
the first discovery, contractile ring filaments have been identified in eggs of a
variety of animals as well as in cultured cells (Mabuchi 1986).  The depth (0.1-0.2
µm) and width (5-10 µm) of a contractile ring was found to be fairly constant
amongst various types of cells.  Schroeder (Schroeder 1972) carefully observed
the formation and disappearance of the contractile ring in the first cleavage furrow
of the sea urchin egg.  He found that the contractile ring reduced its volume as
cleavage proceeded; it’s diameter decreased leaving the thickness and width
unchanged.  This led him to propose that these filaments are dynamic in nature
and they depolymerize or fragment into smaller polymers or move away from the
ring as the ring constricts.  The microfilaments in the contractile ring were
identified as actin filaments by their decoration with heavy mero-myosin in newt
eggs, crane fly spermatocytes, sea urchin eggs and HeLa cells (Perry et al. 1971;
Forer and Behnke 1972; Schroeder 1973).  Functional significance for actin in
cleavage furrow formation was further supported by evidence that cytochalasin B
treatment of HeLa cells or Xenopus eggs reversibly blocked cytokinesis with
concomitant disappearance or disorganization of the contractile ring filaments
(Bluemink 1970; Schroeder 1970; Schroeder 1972).  Further physiological
evidence that actin plays a role in cytokinesis came from studies using phalloidin,
a bicyclic peptide from a toadstool which was shown to bind selectively to actin
filament and stabilize it against depolymerization in vitro (Lengsfeld et al. 1974;
Dancker et al. 1975).  Microinjection of phalloidin led to cleavage arrest
(Hamaguchi and Mabuchi 1982).
9Studies by Mabuchi in echinoderm eggs (Mabuchi 1973; Mabuchi 1974) added
another important component to the contractile ring.  Isolated cortical layers of
dividing sea urchin and star-fish eggs were shown to contain myosin (Mabuchi
1973; Mabuchi 1974).  Immunoflurosence studies in HeLa cells using antibodies
against human myosin showed that myosin was concentrated at the cleavage
furrow (Fujiwara and Pollard 1976).  Furthermore microinjection of anti-myosin
antibodies into starfish egg lead to inhibition of cleavage. It was thereby proposed
that actin and myosin interact to produce the force for furrow constriction
(Mabuchi and Okuno 1977)
These studies led to great insights into the cellular structures that orchestrate cell
division, but the underlying molecular machinery was largely unknown.  In recent
years details have been emerging on the molecular pathways that regulate various
stages of cytokinesis and how they are coordinated with and by other events of the
cell cycle.  This has been facilitated by studies on model organisms with facile
genetics and improved light microscopic methods as well as advances in
functional genomics and proteomics methods including systematic RNA
interference (RNAi) screens (Guertin et al. 2002; Balasubramanian et al. 2004;
Eggert et al. 2006). It has become apparent that cytokinesis like mitosis occurs in
distinct stages, which include site selection, assembly of contractile-ring
components, activation of contraction, new membrane insertion and septation (in
yeast cells) and cell separation (Guertin et al. 2002; Balasubramanian et al. 2004;
Eggert et al. 2006).
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1.3 Cytokinesis in animal cells
 Animal cells divide by invagination of the cell membrane, forming a cleavage
furrow that gradually constricts generating a membrane barrier between the
cytoplasmic constituents of each daughter cell (Glotzer 2001).   The specification
of the cell-division site by the mitotic apparatus provides a way to spatially and
temporally coordinate cell-division events with chromosomal segregation
(Glotzer 2004).  The furrow is formed upon the onset of anaphase at the
equatorial site between the centrosomes and consists of filamentous actin (F-
actin), non-muscle type II myosin and other proteins that organize into a
contractile ring called the actomyosin ring.  Studies using microtubule de-
polymerizing drugs established the dependency of cleavage furrow formation on
microtubules (Beams 1940).  In different cell types either the astral microtubules
or the central spindle or both are thought to be important for cleavage furrow
specification though the nature of signals that are transduced to the cortex remains
unresolved (Burgess and Chang 2005).  Astral microtubules and the central
spindle might actively promote furrow ingression at the equatorial region.
Alternatively, polar microtubules may inhibit furrow formation and the central
spindle may establish a zone of cortex that is free from such inhibition (Glotzer
2004).
Cleavage-furrow formation requires the small GTPase RhoA.   Either localization
of RhoA or its localized activation by its GEFs (guanine-nucleotide-exchange
factors) may lie downstream of any such signals generated by mitotic
microtubules linking it to furrow formation (Kishi et al. 1993; Mabuchi et al.
1993; Drechsel et al. 1997; Prokopenko et al. 1999; Tatsumoto et al. 1999;
Yonemura et al. 2004).  EM studies in marine invertebrate embryos provided the
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first evidence of the existence of an equatorial actomyosin ring (Schroeder 1968),
which was later found to be conserved in other organisms.  Recent studies in
various systems have revealed that the contractile actomyosin ring is highly
dynamic and constantly remodeled (Pelham and Chang 2002; Wong et al. 2002;
Guha et al. 2005).  The actomyosin ring is thought to generate the force that
deforms the plasma membrane and leads to cleavage furrow ingression.  The
ingressing furrow constricts components of the spindle midzone into a focused
structure called the midbody.  The furrow is sealed during abscission, when the
plasma membrane resolves generating two independent daughter cells (Glotzer
2001).
1.4 Cytokinesis in plant cells
In contrast to animal cells, plant cells do not seem to use the actomyosin ring to
divide and consistent with this the genome of Arabidopsis lacks genes that encode
myosin II (2000).  Unlike animal cells, which centripetally constrict the cleavage
furrow from the plasma membrane inwards, plant cells divide by construction of
cell plates sandwiched between new plasma membrane on either side (reviewed
by Jurgens 2006).  The plane of division is determined in prophase and early in
mitosis by the formation of a plant-specific cytoskeletal array, the preprophase
band composed of cortical microtubules and actin filaments (Wick 1991).  The
preprophase band, which marks the future cortical division site, appears at the cell
cortex in late G2 phase and disappears with the breakdown of the nuclear
envelope during prometaphase.  The preprophase band is thought to guide the
formation of the phragmoplast, which originates late in anaphase via a process
that remains poorly understood (Lloyd and Hussey 2001).  The phragmoplast is
composed of oppositely oriented microtubules where golgi-derived vesicles are
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transported to and fuse together to form a cell plate (Smith 1999).  Several plus-
end-directed microtubule motors, termed kinesins, have been found to localize at
the phragmoplast and are required for its organization (Smith 1999).  A mitogen
associated protein (MAP) kinase is involved in cytokinesis and probably regulates
phragmoplast expansion (Nishihama et al. 2001; Nishihama et al. 2002).
Phragmoplastin, a protein related to budding yeast dynamin, is required for cell
plate formation (Gu and Verma 1997). The fusion of these post golgi vesicles
contributes to accumulation of cell wall polysaccharides, proteins and membranes
in the cell plate (Smith 1999).
1.5 Cytokinesis in budding yeast
Unlike in metazoans, in Saccharomyces cerevisiae, the cleavage plane is
determined in late G1 phase of the cell cycle using the previous bud site as a
landmark (Chant and Pringle 1995).  Bud-site selection machinery consists of the
Ras-related small GTPase Bud1 that recognizes these landmarks.  Bud5 serves as
the GEF for Bud1 while Bud2 is its GAP (Chant et al. 1991; Park et al. 1993;
Park et al. 1999).  This in turn polarizes the cells via the Cdc42p GTPase module
(Johnson and Pringle 1990) and regulates septin ring assembly at the future site of
cell division.  In the absence of the bud-site selection machinery, Cdc42p still
becomes localized to a single random site through a positive feedback loop
marking the future division site (Butty et al. 2002).  Cdc42p functions through its
effectors to organize the actin cytoskeleton to control polarized growth and
regulate the assembly of the septin ring.  Septins are a family of GTP binding
proteins, which form filaments and are conserved from yeast through mammals
(Trimble 1999).  Myo1p (type-II myosin of budding yeast) is recruited to the bud
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neck early in the cell cycle at the G1/S transition, whereas actin and its regulatory
components join the ring late in mitosis (Bi et al. 1998; Lippincott and Li 1998).
A functional actomyosin ring is thought to form only late in anaphase, even
though some of the components are localized to the division site much earlier.
However, cells lacking Myo1p display mild cytokinesis defects, but are viable,
suggesting that the actomyoisn ring is not essential for cytokinesis in budding
yeast in some strain background (Bi et al. 1998).  Hof1/Cyk2p, a pombe Cdc15
homology (PCH) family member, plays a role in myosin II independent
cytokinesis in the budding yeast (Lippincott and Li 1998; Vallen et al. 2000).  In
wild-type dividing cells, the actomyosin ring undergoes contraction after
anaphase. Concomitant with ring contraction, septal materials, which are mostly
synthesized by two chitin synthases, Chs2p and Chs3p, are deposited (Silverman
et al. 1988; Shaw et al. 1991).  Cell separation occurs by the degradation of the
septum by chitinase and possibly other enzymes (Kuranda and Robbins 1991).
1.6 Cytokinesis in fission yeast
1.6.1 The fission yeast Schizosaccharomyces pombe
The fission yeast, S. pombe, is a small, rod shaped, unicellular fungus of the
phylum Ascomycota.  It has been used extensively as a relatively simple model of
more complex eukaryotes and has been of crucial importance in our
understanding of the mechanisms of cell cycle control.  Interestingly, of the
approximately 5000 genes found in the S. pombe genome, 172 have similarity to
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genes whose mis-regulation leads to disease in humans.  Twenty-three have
similarity to genes with roles in the development of cancer (Wood et al. 2002).
Thus S. pombe is an excellent model organism to understand the complex
regulation of genetic networks and the consequences of their mis-regulation.
Beginning with Nurse’s pioneering work on the cell cycle (Nurse et al. 1976), a
number of genetic screens have isolated a wealth of mutants defective in various
stages of cytokinesis (Chang et al. 1996; Balasubramanian et al. 1998) making the
fission yeast an attractive model to study the process of cytokinesis and its
regulation.
1.6.2 The cell cycle and its regulation
The vegetative cell cycle of S. pombe, like those of higher eukaryotes, consists of
G1, S, G2 and M phases (Mitchison 1970).  During interphase, fission yeast cells
grow by elongation along their long axis.  Upon entry into mitosis, the two
spindle pole bodies (SPB, a structure equivalent to centrosomes of metazoan
cells) separate, forming a short mitotic spindle, at the center of which the sister
chromatids align (McCully and Robinow 1971; Uzawa and Yanagida 1992).  In
anaphase A chromosomes segregate and start migrating towards the opposite
SPBs (Uzawa and Yanagida 1992).  Fission yeast cells, like those of other fungi,
undergo closed mitosis and the nuclear envelope remains intact throughout the M
phase (McCully and Robinow 1971).
Progression through the cell cycle is controlled by core cell-cycle regulators, the
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most prominent of which are the cyclin-dependent kinases (CDKs).  Sequential
activation of CDKs is responsible for controlling the onset of S phase and mitosis,
while exit from mitosis and initiation of cytokinesis require CDK inactivation,
cyclin destruction and dephosphorylation of the CDK substrates.  The activity of
the CDK Cdc2p is positively controlled through association with four cyclins,
Puc1p, Cig1p, Cig2p, and Cdc13p whose protein levels oscillate through the cell
cycle and thus determine the cell-cycle-specific activity of Cdc2p (Booher et al.
1989; Moreno et al. 1989; Martin-Castellanos et al. 1996; Mondesert et al. 1996;
Martin-Castellanos et al. 2000).  The M-phase-promoting Cdc2p-Cdc13p
complexes is negatively regulated through phosphorylation of  Cdc2p on Tyr-15
by the Wee1p protein kinase (Gould and Nurse 1989; Gould et al. 1991). This
phosphorylation keeps Cdc2p-Cdc13p complexes inactive throughout G2, whereas
at the G2/M boundary Cdc2p-Cdc13p complexes become rapidly activated
through de-phosphorylation of Tyr-15 by the phosphatase Cdc25p (Russell and
Nurse 1986; Russell and Nurse 1987; Buck et al. 1995).  At the end of mitosis
Cdc13p is targeted for ubiquitination mediated proteolysis (Booher et al. 1989;
Moreno et al. 1989).
1.6.3 Division site selection
The cylindrical S. pombe cells undergo symmetrical division using a medial
actomyosin ring as in higher eukaryotes (Le Goff et al. 1999). The actomyosin
ring assembles during mitosis before nuclear division is completed, and then
contracts during septation (Marks et al. 1986; Kitayama et al. 1997).  In
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interphase cells the nucleus is placed in the middle by the balance in forces
exerted by the anti-parallel arrays of interphase microtubules, which run from the
nuclear envelope to the cell ends (Tran et al. 2001).  The position of the
interphase nucleus in turn determines the site at which the actomyosin ring is
formed (Chang and Nurse 1996; Chang et al. 1996).  Several genes involved in
proper placement of the actomyosin ring have been identified, including
mid1/dmf1 (Chang et al. 1996; Sohrmann et al. 1996), plo1 (Bahler et al. 1998)
and pom1 (Bahler and Pringle 1998).  Mid1p, a protein that shares weak similarity
to the metazoan actin binding protein anillin, localizes to both nucleus and medial
cortex overlying the nuclei during interphase, suggesting that Mid1p may function
as a molecular link that positions the actomyosin ring at the cortex overlying the
nucleus (Sohrmann et al. 1996; Paoletti and Chang 2000).  Mid1p physically
interacts with type II myosin heavy chain Myo2p, and promotes the medial
accumulation of actomyosin ring components as a cluster of cortical spots
(Motegi et al. 2004).  The Polo kinase Plo1p appears to have a role in regulating
the localization of Mid1p probably by phosphorylation (Bahler et al. 1998).  The
DYRK-like kinase Pom1p localizes to the site of cell division and also to the cell
ends, where it is thought to control cell growth (Bahler and Pringle 1998).  Recent
studies have implicated Pom1p in inhibition of the actomyosin-ring assembly in
the polar region of cells by restricting the localization of Mid1p to the medial
cortex (Celton-Morizur et al. 2006; Padte et al. 2006).
1.6.4 Actomyosin-ring assembly
Genetic screens have identified a number of proteins, which are essential for the
formation and maintenance of the actomyosin ring.  They include the myosin
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heavy chain Myo2p; essential myosin light chain Cdc4p; myosin assembly factor
Rng3p; IQGAP-related protein Rng2p; formin Cdc12p; profilin Cdc3p;
tropomyosin Cdc8p; and the pombe Cdc15 homology (PCH) domain protein
Cdc15p (Balasubramanian et al. 1992; Balasubramanian et al. 1994; Fankhauser
et al. 1995; McCollum et al. 1995; Chang et al. 1997; Kitayama et al. 1997; Eng
et al. 1998; Wong et al. 2000).  Several of the actomyosin ring components,
including Cdc12p, Cdc15p, Myo2p, Rlc1p and Myp2p are seen in a spot-like
structure in interphase cells (Kitayama et al. 1997; Chang 1999; Wong et al. 2002;
Carnahan and Gould 2003).  Mutations that cause disassembly of the spot prevent
actomyosin ring assembly, implying that the spots may be the precursor of the
astomyosin ring (Wong et al. 2002).  Prior to the formation of the actomyosin ring
many of the ring components are seen in a broad band of small puncta overlying
the nucleus, which coalesce to form the compact ring structure (Motegi et al.
2000; Carnahan and Gould 2003; Wu et al. 2003; Motegi et al. 2004; Wu et al.
2006).  Interestingly, actin and myosin undergo dynamic turnover at the cell-
division site (Pelham and Chang 2002; Wong et al. 2002).  The functional
significance of the dynamic behavior of these proteins remains to be understood.
Myosin-II is believed to be a molecular motor that generates force for cytokinesis
by interacting with actin filaments at the actomyosin ring.  The fission yeast has
two homologs of myosin heavy chain, Myo2p and Myp2p/Myo3p (Bezanilla et al.
1997; Kitayama et al. 1997; May et al. 1997; Motegi et al. 1997), both of which
localize at the actomyosin ring during cytokinesis.  myo2 is essential for cell
viability and cytokinesis, whereas myp2/myo3 is required for cytokinesis under
certain conditions.  The myosin complex consists of a pair of heavy chains and
two pairs of light chains.  Each heavy chain has an N-terminal motor domain and
a helical tail that allows the molecules to assemble into bipolar filaments.  myo2
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mutant protein defective in binding actin filaments still accumulates at the
division site and Myo2p localization at the actomyosin ring is maintained in the
absence of actin filaments (Naqvi et al. 1999).  Furthermore, accumulation of
myosin at the division site appears to occur before that of actin filaments (Motegi
et al. 2000; Wu et al. 2003).  This feature of myosin localization is also conserved
in budding yeast (Lippincott and Li 1998) and Xenopus laevis embryos (Noguchi
and Mabuchi 2001).  Myo2p assembly into the actomyosin ring consists of two
steps (Motegi et al. 2000).  Myo2p initially accumulates as a spot like structure
and then multiple dots at the medial cortex independently of F-actin.
Subsequently, these Myo2p dots are converted into filamentous structures, and
then coalesce into a ring in a manner dependent on F-actin.  The latter step also
requires motor activity of Myo2p (Naqvi et al. 1999) and function of Rng3p, a
protein containing a UCS (UNC-45, Cro1p and She4p) domain that is required for
myosin function in vivo and is thought to be a molecular chaperon for myosin
(Wong et al. 2000; Barral et al. 2002).
Rng3p and the other UCS-domain containing proteins, UNC-45 in
Caenorhabditis elegans, CRO1 in Podospora anserine and She4p in
Saccharomyces cerevisiae appear to have an essential role in the regulation of
myosin and actin-related structures (Bobola et al. 1996; Sil and Herskowitz 1996;
Barral et al. 1998; Berteaux-Lecellier et al. 1998; Barral et al. 2002; Hutagalung
et al. 2002; Wong et al. 2002).  Elegant in vitro biochemical studies in C. elegans
show that the UCS domain of UNC-45 binds the head region of muscle myosins
and exerts chaperon activity to enable proper folding of the myosin head (Barral
et al. 2002).  Interestingly, UNC-45 also binds the heat shock protein Hsp90
(homologous to Swo1p of S. pombe) leading to the formation of the
stoichiometric ternary complex of Hsp90, UNC-45 and myosin.  Thus, a target-
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specific chaperon system has been proposed where UNC-45 functions as a co-
chaperon for Hsp90 specifically for the assembly of myosin.
Genetic studies with rng3 imply the existence of such a chaperon system in the
context of myosin assembly into the actomyosin ring during cytokinesis (Wong et
al. 2000).  rng3 mutants fail to assemble a proper actomyosin ring and are non-
viable because of cytokinesis failure.  rng3 mutants show strong genetic
interactions with one of the alleles of myosin, myo2-E1, which has a mutation in
the catalytic head domain.  Rng3p, which is not detected in any specific structure
in wild-type cells or other cytokinesis mutants (including other myosin alleles of
myo2 tested), localizes to the actomyosin ring in myo2-E1 mutant cells (Wong et
al. 2000).  Another study has reported the localization of Rng3p to the actomyosin
ring late in anaphase in wild type cells when Rng3p was tagged to a tandem copy
of three green fluorescence proteins (GFP) (Lord and Pollard 2004).   But even
when this allele of Rng3-GFP was used for quantification it was found that the
amount of Rng3p present at the actomyosin ring in the myo2-E1 mutant cells were
60-fold higher than that seen in the wild-type cells (Wu and Pollard 2005).  Such
an allele-specific interaction of Rng3p with Myo2p suggests that the myo2-E1
allele of myosin might have a defect in proper folding of its head region, which
gets worse in the presence of a mutation in rng3.  In wild-type cells Rng3p could
aid rapid folding of Myo2p to a stable conformation competent for assembly into
the actomyosin ring.  Whether Hsp90, together with Rng3p, functions as a
chaperon complex for myosin assembly during cytokinesis is not known.
Interestingly, a mutation in swo1, the S. pombe Hsp90 encoding gene, has been
reported to have cytokinesis defects, the nature of which has not been
characterized (Munoz and Jimenez 1999).
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Concomitant with the formation of medial bands of myosin heavy and light chain,
the IQ GAP protein Rng2p, the founding member of the pombe-Cdc15-homology
(PCH)-family Cdc15p and the formin Cdc12p arrive at the medial cortex.
Cdc15p and Cdc12p physically interact and their localization to the medial cortex
is dependent on each other (Chang et al. 1997; Carnahan and Gould 2003; Wu et
al. 2003).  The formin Cdc12p together with the profilin Cdc3p stimulates barbed
end growth of actin filaments and prevents globular (G)-actin monomer
dissociation (Kovar et al. 2003; Kovar et al. 2005).  Cdc15p also interacts with
components of Arp2/3 complex, type-I myosin Myo1p and the Wiskott-Aldrich
syndrome protein (WASP)-related protein Wsp1p thereby playing a major role in
actin dynamics and ring assembly (Carnahan and Gould 2003).  Interestingly,
overexpression of Cdc15p can promote actomyosin-ring formation in interphase
cells (Fankhauser et al. 1995).
1.6.5 Ring contraction, membrane addition and division septum deposition
The molecular nature of the trigger for contraction of the actomyosin ring in
fission yeast remains to be elucidated.  An increase in type II myosin activity by
phosphorylation of the myosin light chains has been proposed to be the likely
candidate for ring contraction in cells of higher eukaryotes (Glotzer 2001).   In
fission yeast, phosphorylation of the essential and regulatory light chains appears
to be dispensable for actomyosin ring contraction (McCollum et al. 1995; Lord
and Pollard 2004).  Concomitant with ring contraction, membrane material is
added to the division site, and the division septa are assembled.  The proteins
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involved in exocytosis, such as exocyst components, syntaxin-related proteins and
Rab-GTPase are directed towards the site of septation (Cheng et al. 2002; Wang
et al. 2002).  In addition, membrane sterols have also been detected at the division
site, where they might participate in actomyosin ring anchoring or regulating
membrane delivery and cell-wall assembly (Wachtler et al. 2003).  Enzymes
important for the synthesis of cell wall like the 1,3-α-glucan synthase, Mok1p and
1,3-β-glucan synthase, Cps1p, are localized to the cell division site and are
involved in the assembly of primary and secondary septa (Le Goff et al. 1999; Liu
et al. 1999; Cheng et al. 2002; Liu et al. 2002).  In fission yeast, septum
deposition directly regulates actomyosin-ring constriction, as ring constriction is
blocked by the vesicular transport inhibitor brefeldin-A or by mutations in cps1
(Le Goff et al. 1999; Liu et al. 1999; Liu et al. 2000).
After ring contraction and deposition of the primary and secondary septa, the
primary septum is cleaved to liberate the two daughter cells.  Septins play an
important role in concentrating the exocytic vesicles and their cargo that
participate in digesting the primary septum (An et al. 2004; Martin-Cuadrado et
al. 2005).
1.6.6 Coordination of cytokinesis with the nuclear cycle
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Cytokinesis is tightly coupled with the nuclear division cycle in fission yeast
(Chang and Nurse 1996; Wu et al. 2003).  Fission yeast cells assemble the
actomyosin ring only after activation of the CDK, Cdc2p-Cdc13p complex.
Constriction of the actomyosin ring and septum assembly on the other hand
depend on the attenuation of CDK activity and on cyclin B (Cdc13p) degradation
(He et al. 1997; Guertin et al. 2000; Chang et al. 2001).  The mechanism by which
cytokinesis is entrained to CDK activity involves a signaling module, namely the
septation-initiation network (SIN) (McCollum and Gould 2001; Simanis 2003).
The budding yeast uses an analogous module, termed the mitotic exit network
(MEN), for coordination of mitotic exit and cytokinesis (Bardin and Amon 2001;
McCollum and Gould 2001; Simanis 2003).
1.6.7 The septation initiation network (SIN)
The SIN is a GTPase-activated protein-kinase cascade, which is assembled at the
SPBs (Krapp et al. 2004; Morrell et al. 2004).  In SIN mutants, actomyosin rings
are formed but ring constriction fails.  The actomyosin ring disassembles and
continuous rounds of nuclear division occur in the absence of cytokinesis
resulting in formation of multinucleated cells (Balasubramanian et al. 1998).
Thus, the SIN has an essential role in promoting actomyosin ring contraction and
septation.
A hierarchy of regulated localization of SIN components to the SPBs and the
division site has been established.  This has led to the proposal of a linear model
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of signaling whereby the GTPase Spg1p is the upstream activator of the signaling
module, followed by three protein kinases Cdc7p, Sid1p and Sid2p in the
presumed order (McCollum and Gould 2001; Simanis 2003).  No biochemical
support for this has yet been reported.  Cdc11p and Sid4p act as a scaffold
complex and both proteins show a high dwell time at the SPB in fluroscence
recovery after photobleaching (FRAP) experiments (Chang and Gould 2000;
Krapp et al. 2001; Morrell et al. 2004).  The scaffold protein Cdc11p is
hyperphosphorylated during mitosis.  This correlates with SIN activation and
depends on SPB association of Cdc11p and activity of Cdc7p in vivo (Krapp et al.
2001; Krapp et al. 2003).   The same scaffold complex also binds to the Cdc2p-
Cdc13p complex and the polo kinase Plo1p (Morrell et al. 2004).  This may
provide a direct link for the SIN to react to changes in the activity of the mitotic
regulators. In fission yeast, Plo1p is essential for cell division and septation and
overexpression of Plo1p induces septation even in interphase cells (Ohkura et al.
1995; Mulvihill et al. 1999).
The GTPase Spg1p sits upstream of the SIN signaling cascade.  Overproduction
of Spg1p leads to multiple rounds of septation from any stage of the cell cycle
(Schmidt et al. 1997).   The nucleotide status of Spg1p is regulated by the two
component GTPase-activating protein (GAP) Byr4p / Cdc16p (Furge et al. 1998).
Byr4p acts as a scaffold and has independent binding sites for both Cdc16p and
Spg1p (Furge et al. 1998).  Loss of function of either byr4 or cdc16 leads to
hyper-activation of SIN signaling, whereby both the mono- and bi-nucleate cells
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undergo multiple rounds of septum formation without cell separation (Minet et al.
1979; Fankhauser et al. 1993).
The most upstream protein kinase of the SIN, Cdc7p, preferentially binds to
Spg1p-GTP in vitro and depends on Spg1p activity for its localization to SPBs in
vivo (Fankhauser and Simanis 1994; Sohrmann et al. 1998).  Spg1p makes the
transition to the signaling competent GTP-bound state at the onset of mitosis,
allowing binding of Cdc7p to the SPB (Cerutti and Simanis 1999; Li et al. 2000).
Cdc7p associates with both SPBs at the onset of mitosis, becomes asymmetric
after the onset of anaphase B and remains only on the new SPB, (which has the
active GTP-bound Spg1p) until cytokinesis is completed (Sohrmann et al. 1998;
Grallert et al. 2004).
The next protein kinase, Sid1p along with its scaffold Cdc14p, associates with the
new SPB during anaphase B, in a co-dependent manner (Guertin et al. 2000;
Guertin and McCollum 2001; Grallert et al. 2004).  Increased expression of
Cdc14p leads to G2 arrest, which is partially relieved by mitotic control mutants
(Fankhauser and Simanis 1993).  The association of the Sid1p-Cdc14p protein
kinase complex to the SPB requires the decrease of mitotic kinase (Cdc2p-
Cdc13p) activity (Guertin et al. 2000; Chang et al. 2001), thereby providing a link
between the completion of mitosis and initiation of cytokinesis.
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Sid2p, the most downstream protein kinase known in the pathway, together with
its partner Mob1p, is thought to be the effector of the SIN pathway (Sparks et al.
1999; Hou et al. 2000; Salimova et al. 2000).  Sid2p-Mob1p is seen at both SPBs
throughout mitosis.  This complex also localizes to the medial cortex, along the
actomyosin ring late in anaphase prior to ring contraction.  It has therefore been
proposed that the localization of Sid2p-Mob1p to the medial cortex is the signal
for actomyosin ring contraction.  The kinase activity of Sid2p peaks at the time of
septum formation (Sparks et al. 1999).  Mob1p promotes the kinase activity of
Sid2p by preventing the inhibitory homodimerization of Sid2p (Guertin and
McCollum 2001).   Sid2p is a phosphoprotein and its phosphorylation is thought
to be mediated by one of the SIN kinases.  Mutation of conserved phosphorylation
sites on Sid2p to alanine reduces its kinase activity whereas mutation of these
sites to phosphomimetic amino acids rescues mutations in sid1, cdc14, spg1 and
mob1 (Hou et al. 2004).  Hence, Sid2p has been proposed to be phospharylated by
one or more of the upstream SIN kinases though biochemical evidence for this is
lacking.
1.6.8 The Cdc14 family phosphatase Clp1p
The dual specificity protein phosphatase Cdc14p is thought to be the main
effector of the MEN pathway in the budding yeast (Stegmeier and Amon 2004).
It is an essential protein and cdc14 mutants arrest in late interphase with a 2N
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DNA content, segregated chromosomes and long spindles, a phenotype
characteristic of the MEN mutants (Jaspersen et al. 1998; Visintin et al. 1998).
Cdc14p seams to be at the bottom of the signaling cascade, as overproduction of
wild type Cdc14p bypasses the requirement for the rest of the MEN components
(Jaspersen et al. 1998; Visintin et al. 1998).  Cdc14p is kept inactive in the
nucleolus for most of the cell cycle as a part of the high molecular weight
‘regulator of nucleolar silencing and telophase’ or RENT complex (Shou et al.
1999), being released from the nucleolus early in anaphase by the action of the
fourteen early anaphase release (FEAR) network (Pereira et al. 2002; Stegmeier et
al. 2002; Yoshida and Toh-e 2002).  Nuclear release of Cdc14p is then sustained
through anaphase progression by the MEN pathway (Jaspersen et al. 1998; Pereira
et al. 2002).  Cdc14p then dephosphorylates numerous targets, promoting cyclin
destruction and accumulation of the CDK inhibitor Sic1p, both by
dephosphorylating and activating its transcription factor Swi1p and by
phosphorylating and thus stabilizing Sic1p itself (Jaspersen et al. 1998; Stegmeier
and Amon 2004).
Cdc14 family phosphatases are conserved in all eukaryotes examined (Stegmeier
and Amon 2004).  Unlike cdc14, null mutants of its fission yeast ortholog, clp1 /
flp1, hereafter referred to as clp1, are viable and display a mild defect in
cytokinesis and chromosome segregation (Cueille et al. 2001; Trautmann et al.
2001).  clp1 mutant cells are also slightly advanced in mitosis and divide at a
reduced size.  Strong overproduction of Clp1p leads to a G2 arrest, and the mitotic
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inducer Cdc25p is dephosphorylated in these arrested cells, suggesting that it may
be an in vivo target of Clp1p (Cueille et al. 2001; Trautmann et al. 2001).  In  clp1
null mutants on the other hand, Cdc25p is neither fully dephosphorylated at
anaphase nor is it degraded rapidly (Esteban et al. 2004; Wolfe and Gould 2004).
Clp1p can partially dephosphorylate Cdc25p in vitro, suggesting that the trigger
for Cdc25p degradation may be its dephosphorylation (Wolfe and Gould 2004).
Clp1p shows a dynamic, cell cycle-dependent change in its localization.  Clp1p is
sequestered and kept inactive in the nucleolus in interphase cells, but its
nucleolar-tether remains to be identified.  Apart from the nucleolus, Clp1p also
associates with the SPB in interphase cells (Cueille et al. 2001; Trautmann et al.
2001).  Clp1p is released from the nucleolus early in mitosis when it localizes in
the cytoplasm and is enriched on the spindle midzone, the kinetochores and the
actomyosin ring in a dividing cell (Cueille et al. 2001; Trautmann et al. 2001;
Trautmann et al. 2004).  What triggers the release of Clp1p remains to be
determined but the FEAR-equivalent network does not mediate this process (Chen
et al. 2006).  Controlling the dynamic redistribution of Clp1p is thought to be an
important facet of its regulation.
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1.6.9 The cytokinesis checkpoint
Errors in key cell-cycle processes have catastrophic consequences for
proliferating cells.  Surveillance pathways termed checkpoint controls have
evolved to protect cells from such damage, by monitoring error-prone processes
and providing extra time as needed for damage repair and their completion
(Hartwell and Weinert 1989).  They function by monitoring the completion of cell
cycle events such as DNA replication, damage to critical cellular components,
such as DNA, or structural changes, for example the attachment of kinetochores
to the mitotic spindle.  In an event of damage, or in the face of a reduced capacity
to complete essential events, these checkpoints halt further cell cycle progression
so that damage can be repaired or previous cell cycle phases can proceed to
completion.  Such checkpoints have been extensively studied in many organisms.
Checkpoints that monitor DNA integrity, replication and bipolar attachment of
chromosomes to the mitotic spindle are well documented (Rudner and Murray
1996; Kelly and Brown 2000; Nyberg et al. 2002).
The coordination of mitosis to cytokinesis is crucial for the maintenance of cell
viability for two main reasons.  First, if cytokinesis occurs too early (i.e. prior to
mitotic exit), the constricting ring might physically prevent the proper segregation
of mitotic chromosomes, leading to a loss in genomic integrity and the non-
viability of one or both daughters.  Secondly, if cytokinesis occurs too late (or not
at all), then control over ploidy is lost, together with the potential for the
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proliferation and differentiation of cell populations.  While much attention has
been paid to mechanisms ensuring that cytokinesis does not occur prior to the
completion of mitosis much less attention has been paid to mechanisms
monitoring the completion of cytokinesis itself and its relationship to the
subsequent mitosis.
Since in S. pombe most cytokinesis mutants go on to accumulate multiple nuclei,
it was assumed that, although cytokinesis depends on preceding nuclear events,
the subsequent progression of nuclear cycles does not depend on the completion
of cytokinesis. However analysis of a cytokinesis mutant in the gene encoding for
a 1,3-β-glucan synthase, cps1 (Ishiguro et al. 1997; Le Goff et al. 1999; Liu et al.
1999; Liu et al. 2000), changed this view.   Thermo-sensitive alleles of cps1,
cps1-191 (Liu et al. 1999; Liu et al. 2000) and cps1-N12 (Le Goff et al. 1999),
progress through the nuclear cycle more slowly when shifted to restrictive
temperature.  These cells arrest with two interphase G2 nuclei and a post anaphase
microtubule array.  The cells fail to form a division septum as 1,3-glucans are the
main constituents of primary cell wall.  However, they appear to be maintained in
a cytokinesis competent state, despite having interphase nuclei, as they maintain
the medially placed actomyosin ring.  Moreover both Cdc7p and Sid1p remain
associated with one SPB even though cells have exited mitosis, implying that the
SIN pathway is active in these cells (Liu et al. 2000; Trautmann et al. 2001).  This
block in nuclear cycle progression has been shown to depend on the mitotic
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kinase inhibitor Wee1p, as cps1-191 wee1-50 double mutants go on to accumulate
multiple nuclei upon cytokinesis failure (Liu et al. 2000).
The question however remained whether this checkpoint gets activated only as a
result of failure in septation.  Careful monitoring of the nuclear cycle progression
of other cytokinesis mutants revealed that they fall into two broad categories.  The
SIN mutants go on to accumulate nuclei at a rate indistinguishable from wild-type
cells even after cytokinesis failure while the other class of mutant, the rng
mutants, encoding for genes required for actomyosin ring assembly and cell wall
synthesis, accumulate nuclei at a reduced rate (Nurse et al. 1976; Liu et al. 2000;
Trautmann et al. 2001).   Furthermore, the delay seen in the cps1 and the rng
mutants was abolished in the SIN mutant background (Le Goff et al. 1999; Liu et
al. 2000; Trautmann et al. 2001).  This indicated that rng mutants were affected
by a SIN dependent mechanism capable of delaying cell cycle progression upon
failed cytokinesis.  Thus, the SIN pathway may be bi-functional, as it is required
for activation of septum deposition as well as for monitoring the completion of
cytokinesis.
Apart from the SIN, the non-essential protein phosphatase Clp1p is also required
for this checkpoint arrest.  Unlike cps1 single mutants, cps1 clp1Δ double mutants
do not arrest with two interphase nuclei.  These double mutants proceed through
the nuclear cycle with normal kinetics and go on to accumulate tetranucleate cells
after five hours at the restrictive temperature (Cueille et al. 2001; Trautmann et al.
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2001).  Furthermore, at a fully restrictive temperature, double mutants of cdc3,
cdc8, and cdc12 and clp1Δ become tetra-nucleate at a faster rate than the
respective single mutants (Cueille et al. 2001; Trautmann et al. 2001).  Taken
together these data strongly suggest that Clp1p has an important role in
maintaining the cell cycle delay observed upon failure in cytokinesis.
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2 Materials and Methods
2.1 Yeast
2.1.1 Yeast strains
Schizosaccharomyces pombe strains used in this study and their genotypes are
listed in Table 1.
Table 1: Schizosaccharomyces pombe strains used in this study
Name Genotype Source
MBY19 cdc4-8 ade6-210 leu1-32 h- Lab Collection
MBY50 cdc3-124 ade6-216 ura4-D18 leu1-32 h+ Lab Collection
MBY53 myo2-S1 ade6-21x ura4-D18 leu1-32 h- Lab Collection
MBY54 myo2-S2 ade6-21x ura4-D18 h- Lab Collection
MBY94 cdc14-118 ade6-210 ura4-D18 h+ Lab Collection
MBY105 cdc7-24 ade6-210 h+ Lab Collection
MBY106 cdc11-123 ade6-210 h+ Lab Collection
MBY107 cdc15-136 ade6-210 h+ Lab Collection
MBY113 rng3-65 ade6-21x leu1-32 h+ Lab Collection
MBY142 rng2-D5 ade6-21x leu1-32 ura4-D18 h- Lab Collection
MBY151 myo2-E1 ade6-21x ura4-D18 leu1-32 his3-Δ h- Lab Collection
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MBY163 cdc25-22 leu1-32 h- Lab Collection
MBY192 ura4-D18 leu1-32 h- Lab Collection
MBY113 rng3-65 ade6-21X leu1-32 h+ Lab Collection
MBY286 cdc16-116 leu1-32 ura4-D18 ade6-M210 h+ Lab Collection
MBY309 cdc12-112 leu1-32 ura4-D18 ade6-M210 h- Lab Collection
MBY409 myp2::his7+ his7-366 ura4-D-18 leu1-32 Mabuchi lab
ade6-M210
MBY506 drc1-191 ade6-21X leu1-32 ura4-D18 his7-366 h- Lab Collection
MBY517 rng3-GFP::ura4+ myo2-E1 ade6-21x ura4-D18 Lab Collection
 leu1-32 h+
MBY624 rlc1-GFP::ura4+ ura4-D18 leu1-32 h- Lab Collection
MBY656 cyk3::ura4+ ade6-M210 leu1-32 h+ Lab Collection
MBY691 rlc1::ura4+ his3-D1 + ura4-D18 leu1-32 Lab Collection
ade6-M216 h+
MBY977 clp1::ura4+, ura4-D18 leu1-32 ade6-21 h+          McCollum Lab
MBY978 clp1-GFP::KAN, ura4-D18 leu1-32 ade6-21 h+   McCollum Lab
MBY1095 rad25::ura4+ ura4-D18 leu1-32 ade6-704h-        O’Connell Lab
MBY1096 rad24::ura4+ ura4-D18 leu1-32 ade6-704h-        O’Connell Lab
MBY1458 swo1::HA6His::ura4+ ade6-21x ura4-D18 leu1-32 Russell Lab
MBY1459 swo1-w1 ura4-D18 leu1-32 h+ Jimenez Lab
MBY1460 swo1-26 ura4-D18 leu1-32 h- Russell Lab
MBY2117 myo2-E1 clp1::ura4+ ade6-21 ura4-D18 leu1-32 This Study
MBY2118 cdc4-8 clp1::ura4+ ura4-D18 leu1-32 This Study
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MBY2119 cdc15-140 clp1::ura4+ ura4-D18 leu1-32 This Study
MBY2120 cps1-191 clp1::ura4+ ura4-D18 leu1-32 This Study
MBY2121 cdc16-116 clp1::ura4+ ura4-D18 leu1-32 This Study
MBY2125 myo2-E1 cdc11-123 ura4-D18 leu1-32 This Study
MBY2126 myo2-E1 cdc14-118 ura4-D18 leu1-32 This Study
MBY2383 sid1-239 clp1::ura4+ ura4-D18 This Study
MBY2384 rad24::ura4+ ura4-D18 leu1-32 ade6-X h+ This Study
MBY2385 rad24-GFP::ura4+ ura4-D18 leu1-32  h- This Study
MBY2438 swo1-w1 myo2-E1 ura4 -D18 leu1-32 This Study
MBY2439 swo1-w1 rng3-65 ura4 -D18 leu1-32 This Study
MBY2440 swo1-GFP::ura4+ ura4-D18 leu1-32 h- This study
MBY2441 swo1-GFP::ura4+ myo2-E1 ade6-21x This study
 ura4-D18 leu1-32 h-
MBY2442 swo1-GFP::ura4+ myo2-S1 ade6-21x This study
 ura4-D18 leu1-32 h-
MBY2443 swo1-GFP::ura4+ myo2-S2 ade6-21x ura4-D18 h- This study
MBY2444 rlc1-GFP::ura4+ swo1-w1 ura4-D18 leu1-32 h+ This study
MBY2599 swo1::HA6His::ura4+myo2-E1 ura4-D18 leu1-32 This study
MBY2633 rad24::ura4+ cdc7-GFP:: ura4+ ura4-D18 This study
MBY2634 rad24::ura4+ sid1-GFP:: ura4+ ura4-D18   This study
MBY2640 rad24-GFP sid4-A1 ura4-D18 leu1-32 This study
MBY2659 rad24::ura4+ clp1-GFP KanR leu1-32 ura4-D18 This study
ade6-M21X h+
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MBY2660 cdc16-116 clp1-GFP KanR leu1-32 ura4-D18 This study
ade6-M21X
MBY2664 sad1-DSred:: KanR rad24-GFP:: ura4+ ura-D18 This Study
leu1-32
MBY2666 rad24::ura4+ myo2-E1 ura4-D18 leu1-32 ade6-X This study
MBY2667 rad24::ura4+ cps1-191 ura4-D18 leu1-32 ade6-X This study
MBY2794 rad24-GFP cdc11-123 ura4-D18 leu1-32 This study
2.1.1 Growth and maintenance of yeast
S. pombe strains were grown in yeast extract medium (YES) or Edinburgh
minimal medium (EMM) as described by Moreno et al. (1991).  Yeast extract,
peptone, dextrose (YPD) medium used for mating and sporulation contained 1%
yeast extract (Gibco-BRL), 2% peptone (Gibco-BRL) and 2% glucose.  All solid
media contained 2% Bactoagar (Difco). myo2-E1 rng3-65 and myo2-E1 swo1-w1
strains were grown to early log phase in YES medium supplemented with 1.2 M
sorbitol, after which the cells were given two washes in YES and grown in YES
for 4 hours at 36°C. Elutriation was performed using a Beckman elutriation
chamber (JE 5.0) according to the manufacturer's instructions.
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2.1.3 Drugs used
Geldanamycin (Sigma) was used at 2 µg/ml in dimethyl sulphoxide (DMSO).
Latrunculin A (Molecular Probes) was dissolved in DMSO to make a 10 mM
stock solution and was used at 0.2 mM final concentration.  DMSO was used as a
corresponding solvent control.
2.1.4 Yeast genetics and molecular methods
 2.1.4.1  Mating and sporulation of yeast
Yeast matings were performed on YPD agar plates incubated at 26°C for
sporulation.  Tetrads were dissected on YES agar plates using a Singer MSM
micromanipulator (Singer Instruments) and incubated at 24°C to allow
germination of individual spores.  Double mutants were typically selected from
non-parental di-type (NPD) tetrads.
  2.1.4.2 Yeast transformation
Yeast transformations were done using the lithium acetate method as described by
(Keeney and Boeke 1994) with slight modification.  For each transformation, 20
ml of cells at an OD595 of 0.5 were rinsed once with sterile water and then with 1X
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lithium acetate-TE-buffer (made from 10X lithium acetate pH 7.5, 1 M Tris-HCl,
10 mM EDTA).  The cell pellet was then resuspended in 100 µl of lithium
acetate-TE-buffer, and 10 µg of linearised DNA and 50 µg of salmon sperm
carrier DNA (Stratagene) was added to the suspension followed by incubation for
10 minutes at room temperature.  240 µl of PEG solution (8 g of PEG 400
dissolved in 20 ml of 1X lithium acetate/TE buffer) was added then followed by
incubation at 30°C for 30 minutes.  42 µl of DMSO was added prior to heat-shock
at 42°C for 10 minutes, and the cells were plated on selective plates.
2.1.4.3   Gene tagging at the chromosomal locus
All chromosomal tagging of genes were carried out by homologous
recombination.  For Green fluorescent protein (GFP) tag, pJK210-based plasmids,
containing the required gene fused to GFP at its 3’ end was used for integration at
the genomic locus as described previously (Keeney and Boeke 1994).  Putative
integrants were selected based on uracil prototrophy and confirmed by
polymerase chain reaction (PCR).
2.2 Escherichia coli
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2.2.1    Growth and maintenance of bacteria
The E. coli MC1061 or Dh5α strains were used for plasmid maintenance,
amplification and rescue.  E. coli strains were grown at 37°C in Luria-Bertani
(LB) medium.  Transformants were selected on LB plates containing 100 µg/ml
of ampicillin.
2.2.2    Transformation of E. coli
Calcium-mediated chemical transformation or electroporation using the BioradTM
E. coli pulser were used to transform E. coli with plasmid DNA.
   2.3 Cell biology and microscopy
2.3.1    Reagents
Mouse monoclonal anti-tubulin antibodies, TAT-1 (provided by Dr. Keith Gull,
Manchester, UK), were used to stain microtubules.  Rabbit polyclonal anti-Myo2p
antibodies were raised in the lab (Naqvi et al. 1999). Rabbit polyclonal anti-GFP
antibodies were obtained from Molecular Probes.  Fluorescein isothiocyanate-
conjugated secondary antibodies were obtained from Molecular Probes.  4’6, -
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diamidino-2-phenylindole (DAPI), aniline blue and alexa-488 conjugated-
phalloidin were obtained from Sigma.
2.3.2 Nuclei, F-actin and septum staining
To stain nuclei and septum, 1 ml of exponentially growing cells were fixed at
24°C for 10 minutes with 3.7% formaldehyde and permeabilized with PBS buffer
containing 1% Triton-X 100 for 1 minute.  Cells were then washed thrice with
PBS buffer. DAPI was used at the concentration of 1 µg/ml and aniline blue at 0.5
µg/ml. DAPI and aniline blue were dissolved in antifade (1 mg/ml p-
phenylenediamine dissolved in 50% glycerol). Alexa-488 conjugated phalloidin at
100 U/ml was used to visualize F-actin structures.
2.3.3 Immunofluoresence microscopy
50 ml of exponentially growing (OD595 0.4 to 0.5) yeast cells were fixed at their
growth temperature for 10 minutes with 3.7% formaldehyde.  Cells were
harvested by centrifugation at 3000 rpm for 3 minutes and washed thrice with
PBS buffer.  The cells were then washed once with PBS contaning 1.2 M sorbitol
and resuspended in 800 µL of PBS contaning 1.2 M sorbitol.  200 µL of
protoplasting enzyme mix (5 mg/ml Lysing enzyme (Sigma) and 3 mg/ml
Zymolyase (US Biological) made in PBS contaning 1.2 M sorbitol) were added to
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the cell suspension.  Digestion of the cell wall was monitored by adding 9 µL of
the cell suspension to 1 µL of 10% sodium dodecyl sulphate (SDS) solution on a
glass slide and viewed under a light microscope.  The protoplasted cells were
gently washed thrice with PBS before being resuspended in 1 ml of PBAL
blocking solution (PBS + 10% BSA, 100 mM lysine hydrochloride, 50 µg/ml
carbenicillin and 1 mM sodium azide) and incubated for 1 hour. Anti-GFP, anti-
Myo2p and anti-TAT1 antibodies were used at a dilution of 1:1000, 1:400 and
1:100 in PBAL respectively.  Cells were incubated at room temperature overnight
with shaking.  Cells were then washed thrice with PBAL prior to resuspension in
flurochrome-conjugated secondary antibodies at a dilution of 1:200 in PBAL.
Cells were incubated in the dark on a shaker for 30 minutes prior to three washes
with PBAL.  Cells were then resuspended in 20 µl of PBAL. 1µl of cell
suspension was spread thinly on a glass coverslip and allowed to dry for 2
minutes before being inverted on a clean glass slide spotted with 1 µl of DAPI
solution. Images were acquired using a Leica DMLB microscope in conjunction
with an Optronics DEI-750T cooled CCD camera and Leica QWIN software.
Images were processed and assembled using Adobe Photoshop 5.5. In
experiments involving quantization, at least 500 cells were counted.
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2.3.4 Time lapse microscopy
Time lapse microscopic studies were performed as previously described (Wong et
al. 2002).  For LatA treatments, S. pombe cells were grown in rich medium until
mid-exponential phase and then shifted to medium containing 0.2 µM LatA or
DMSO (solvent control) for 30 minutes.  1 µl of cell culture was then mounted on
borosilicate glass slide and covered with a coverslip (both from Matsunami
Trading).  All time lapse microscopy images were obtained using a Leica
DMIRE2 microscope equipped with Uniblitz shutter and CoolSnap HQ CCD
camera (Photometrics) driven by MetaMorph 4.6r9 software (Universal Imaging
corporation).  Experiments were carried out at ~ 25°C.  In experiments involving
temperature sensitive SIN mutants, cells were grown in rich medium at 25ºC and
shifted to the restrictive temperature of 36ºC before being mounted on a glass
slide and imaged using a temperature controlled stage (MC 60 Linkman Scientific
Instruments, UK) maintained at 36ºC.  At least 10 cells were imaged in all cases.
3D reconstructions were performed by taking Z-series (100 nm sections) of wide-
field fluorescent images and de-convolving using the AutoDeblur / AutoVisualize
9.2 package (Autoquant Imaging Incorporated).  Long-term observation of cells
was performed using a temperature controlled flow chamber system (Warner
Instrument Company) filled with YES and maintained at 32°C as previously
described (Karagiannis and Young 2001).  Instead of poly-L-lysine, cells were
kept immobilized with the use of a 600 mm diameter cylindrically shaped 0.8%
agarose pad made in YES.  The agarose pad was made to the same height as the
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chamber and thus cells were gently trapped between the agarose surface and the
coverslip forming the bottom of the chamber.
2.4 Protein and immunological methods
2.4.1 Extraction of protein from S. pombe
50 ml of exponentially growing (OD595 0.4 to 0.5) yeast cells were harvested and
washed once with 1 ml NP40 buffer (with protease inhibitors: 2mM PMSF, 2mM
benzamidine, 50 mM NaF, 100 µM Na3VO4, 4 µg/ml leupeptin).  Cells were
transferred into 1.5 ml snap-cap tube and spun down again, and the residual
supernatent was removed.  1 ml of acid washed glass beads (450-600 nm of
diameter) were added to the tube.  Cells were pulsed in a mini-bead beater thrice
for 30 seconds with 2 minute intervals whereby the tubes were incubated on ice.
To prepare protein lysate, 300 µl of SDS lysis buffer [10 mM NaPO4 (pH 7.0), 0.5
% SDS, 1 mM DTT, 1 mM EDTA] was added to the tube and immediately heated
at 95°C for 5 minutes.  To obtain protein in native state, 500 µl of NP-40 buffer
instead of lysis buffer was added to extract soluble proteins.  Cell extracts were
spun at 14000 rpm for 15 minutes at 4°C and processed for immunoprecipitation.
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2.4.2 Immunoprecipitation
Total protein extracts were prepared as described above.  For each
immunoprecipitation, 3-4 mg of soluble protein was incubated with 5 µl of anti-
Myo2p, anit-GFP (Molecular Probes) or anti-HA (12CA5, Sigma), antibodies at
4°C for 1 hour.  100 µl of pre-swollen Sepharose-Protein A beads (Amersham
Biosciences) were added to the antigen-antibody immunocomplex and incubated
for 45 minutes at 4°C. Beads were washed six times using 1 ml NP-40 buffer with
10 min interval of incubation on the rotator. After the final wash, beads were re-
suspended in SDS-PAGE gel loading buffer, and heated at 95°C for 5 minutes.
2.4.3 Protein electrophoresis, immunoblotting and detection
Proteins were separated by 8, 10, or 12% SDS-PAGE and transferred to a PVDF
membrane (Millipore Co., Bedford, MA). The membrane was blocked with 5%
non-fat milk in PBS-Tween 20 (0.4%).  Anti-GFP (Molecular Probes) and Anti-
HA (12CA5; Sigma) antibodies were used at 1:2000 dilutions whereas anti-
Myo2p was used at 1:400 dilution.  Peroxidase-conjugated anti-rabbit and anti-
mouse IgG (Sigma) were used at 1:5000 dilutions, and the signal was detected
using the enhanced chemiluminescent ECL1 Kit (Amersham) according to
manufacturer’s instructions.  For Myo2p level comparison, equal amounts of total
proteins were loaded on 12% SDS-PAGE gels.  Myo2p and Arp3p (used as
control for normalization) were detected using affinity purified polyclonal
44
antibodies as previously described (Wong et al 2000).  Immunoblots were
quantitated by densitometry (Biorad).
2.5 Two-hybrid system
A two-hybrid interaction assay based on a 5-Bromo-4-chloro-3-indolyl α-D-
galactosidase (hence refered as X Gal) activity was carried out using the
Matchmaker Two-Hybrid System (Clontech Laboratories Inc.).  The full-length S.
pombe rng3 gene was amplified from genomic DNA by PCR with 5’
CATGCCATGGAGATGACCCACGAGCTTTCCTC 3’as the forward primer
and 5’ CGCGGATCCTCATTTGCTTCCTTGAAGTC 3’ as the reverse primer
and cloned into the Nco1 / BamH1 sites of Gal4BD (pAS2-1) and Gal4AD
(pACT2) vectors to create pCDL836 and pCDL841 respectively.  The S. pombe
myo2 gene corresponding to amino acids 1-836 (including the head and the two
IQ domains of Myo2p) was similarly cloned using 5’
CATGCCATGGAGATGACAGAAGTAATATCTAATAAAATAACTGC 3’as
the forward and 5’ TCCCCCGGTAGATTGAAAAATAACTTAGTTT 3’ as the
reverse primer into the Nco1 / BamH1 sites of Gal4BD and Gal4AD vectors to
create pCDL839 and pCDL844, respectively.  The full-length S. pombe swo1
gene was also cloned using 5’
CATGCCATGGAGATGTCGAACACAGAAACTTTCAAG 3’as the forward
and 5’ CGCGGATCCTTAATCGACTTCCTCCATCTTGC 3’ as the reverse
primer into the Nco1 / BamH1 sites of Gal4BD and Gal4AD vectors to create
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pCDL838 and pCDL843 respectively.  The two types of hybrid plasmids (which
carry the yeast TRP1 and LEU2 marker genes) were then co-transformed into the
yeast strain Y190 (which is auxotrophic for tryptophan and leucine and has lacZ
and HIS3 reporter genes each under the independent control of two different
GAL4 promoters) using the lithium acetate method of transformation (Gietz et al.
1995).  The transformants were first replica-plated onto medium lacking leucine
and tryptophan to select for those that contained both plasmids.  Primary
transformants were replica-plated onto medium containing 35 mM 3-
aminotriazole and lacking histidine as well as tryptophan and leucine to check for
expression of the HIS3 reporter gene, indicative of a protein-protein interaction.
This interaction was further confirmed by determining the function of the LacZ
reporter in His+, Trp+, Leu+ transformants by assaying for β-galactosidase activity
using a colony-lift filter assay as described in the Clontech manual.
2.5 Association of Clp1p-HA and GST-Rad24P
The rad24 gene was cloned in pGEX-4T1 and expressed in E. coli Dh5α.  The
fusion protein was purified on a glutathione-Sepharose 4B (sigma) column
according to the manufacturer’s instruction.  To examine the association between
Clp1p and Rad24p, 0.5µg of GST or GST-Rad24p was incubated with 4 mg of
Clarified crude total protein extracts made from clp1-HA strain for two hours at
4ºC.  The mixture was subjected to affinity chromatography on glutathione-
Sepharose and analyzed by western blotting.
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3 Swo1p facilitates the actomyosin ring formation and myosin II
assembly and function
3.1 Introduction
The F-actin based molecular motor myosin II plays a key role in cell division in a
variety of eukaryotes (Barral et al. 2002).  Forces produced upon interaction of F-
actin and myosin II have been proposed to result in the physical severing of one
cell into two. The mechanism of assembly of the myosin II complex and its
localization to the cell-division site is of substantial interest. A growing body of
evidence from a diverse set of organisms ranging from unicellular to multicellular
eukaryotes has implicated the involvement of proteins containing UCS domains in
myosin structure and/or function (Yu and Bernstein 2003).  The phenotypes
observed upon disruption of genes encoding UCS-domain proteins indicate
abnormalities in specific myosin-associated processes.  The UCS-domain-
containing protein in the fission yeast S. pombe, Rng3p, has been shown to be
essential for formation of the cytokinetic actomyosin ring, with several lines of
evidence indicating an involvement of Rng3p in the modulation of Myo2p
function (Wong et al. 2000).
An additional player was introduced when in a landmark study (Barral et al.
2002), showed that the C. elegans UCS-domain protein (Unc45p), which is
essential for myosin assembly into thick filaments (Barral et al. 1998), bound the
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chaperone protein Hsp90.  Hsp90-like proteins have been identified from
numerous eukaryotes and aid in the folding, maintenance and regulation of a
diverse set of proteins including co-chaperones, kinases and transcription factors
(Picard 2002).  Recent work by Srikakulam et al. (Srikakulam and Winkelmann
2004) has shown that nascent myosin filaments in differentiating muscle cells
consist of myosin molecules with unfolded motor domains in a complex with
Hsp90 and Hsc70 chaperone proteins.
This chapter describes the characterization of in vivo role of Swo1p (the fission
yeast Hsp90 homolog) in myosin II assembly and/or function in S. pombe.  I show
that Swo1p is important for myosin II function in fission yeast and that Swo1p co-
operates with Rng3p to maintain Myo2p in a functionally stable form.
3.2 Results
3.2.1 Characterization of the cytokinetic phenotype in swo1-w1 cells
Two temperature-sensitive mutant alleles of the fission yeast Hsp90 chaperone-
encoding gene, swo1, have been previously isolated (Aligue et al. 1994; Munoz
and Jimenez 1999).  While these studies mainly characterized genetic interactions
between the two mutant alleles of swo1 (swo1-w1 and swo1-26) and the Cdc2
mitotic machinery, it was also observed that the swo1-w1 mutant developed
cytokinetic defects when incubated at the restrictive temperature (Munoz and
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Jimenez 1999).  To further characterize the cytokinetic defect in the swo1-w1
mutant, I cultured cells under permissive temperature conditions and then shifted
the cultures to the restrictive temperature of 36oC.  Cells were fixed and stained
with DAPI and aniline blue to visualize the nuclei and septa, respectively.  While
wild-type cells contained 22% binucleate cells and 78% cells with a single
nucleus, dramatic cytokinesis defects were detected in the swo1-w1 mutant at the
restrictive temperature (Figure 1A).  Only 12% of heat-arrested swo1-w1 cells
contained a single nucleus.  Approximately 42% of the mutant cells contained 4
or more nuclei, whereas the rest contained two nuclei (Figure 1B).  The septa in
swo1-w1 cells were aberrant in appearance (Figure 1A).  Generally, aberrant
septation results from assembly of improper actomyosin rings, since constriction
of the actomyosin ring is required for proper septum assembly.
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Figure 1: Characterization of the swo1-w1 mutant strain.
Wild type and swo1-w1 strains were grown at permissive temperature to early log
phase and then shifted to the restrictive temperature of 36oC for 7 hrs.  Cells were
fixed, stained with DAPI and aniline blue to visualize nuclei and septa
respectively (A) and then scored for number of nuclei (B).
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3.2.2 The swo1-w1 mutation leads to defects in actomyosin ring assembly
To assess the status of the actomyosin ring at restrictive temperatures in swo1-w1
cells, I looked at three components of the actomyosin ring in these cells viz. F-
actin, the heavy and regulatory light chains of type II myosin, Myo2p and Rlc1p,
respectively.  Wild-type cells and swo1-w1 mutant cells were grown at the
permissive temperature of 25oC, then shifted to the restrictive temperature of 36oC
for 7 hours, fixed and stained with DAPI and Alexa 488 conjugated phalloidin to
visualize DNA and F-actin structures.   The cortical F-actin distribution in
interphase swo1-w1 mutant cells was similar to that of control cells;  F-actin
patches were concentrated at both cell ends and F-actin cables were oriented
along  the long axis of the cell (Figure 2A).   Mitotic mutant cells however lacked
a well-defined F-actin ring and had arrays of loose medial actin cables instead
(Figure 2A).  In addition to F-actin, Myo2p and Rlc1p were also improperly
assembled at the restrictive temperature in swo1-w1 mutants undergoing mitosis,
as determined by the presence of mitotic spindles (Figure 2B and C).  These
studies utilizing the cytokinesis-defective mutant swo1-w1, established that
Swo1p is important for actomyosin ring assembly and that the defect in
actomyosin ring function presumably leads to the assembly of improper division
septa.
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Figure 2: Swo1p function is essential for assembly of a normal actomyosin
ring.
(A) Wild-type and swo1-w1 cells were grown at 25oC to exponential growth
phase and shifted to 37oC for 7 hrs, fixed and stained with DAPI and Alexa 488
conjugated phalloidin to visualize chromosomes (blue) and F- actin (green),
respectively.  (B) Similarly treated cells of the two genotypes were processed for
indirect-immunofluorescence with anti-Myo2p and anti-tubulin antibodies to
visualize Myo2p and microtubule structures, respectively.  (C) swo1-w1 cells and
wild-type cells expressing Rlc1-GFP were grown at 25oC to exponential growth
phase and shifted to 37oC for 7 hrs, fixed and stained with DAPI to visualize
chromosomes (blue), with anti-GFP antibodies to visualize Rlc1p (green) and
anti-tubulin antibodies to visualize microtubule structures (red).
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3.2.3 The swo1-w1 mutant shows a genetic interaction with myo2-E1 and
rng3-65 alleles
The improper septa observed in swo1-w1 cells were similar to those observed in
cells carrying loss-of-function mutations in the genes encoding the myosin II
heavy chain Myo2p (Balasubramanian et al. 1998), and the UCS-domain protein
Rng3p (Wong et al. 2000), suggesting that Hsp90 function might be important for
the assembly and/or function of myosin II.  Detailed in vitro biochemical studies
have shown that the C. elegans Myosin II head domain forms a stoichiometric
complex with Hsp90 and Unc45p, a protein related to S. pombe Rng3p, indicative
of a substrate-chaperone-co-chaperone relationship between these three proteins
(Barral et al. 2002).  To further analyze if Swo1p was similarly associated with
myosin II in S. pombe, I assessed genetic interactions between swo1-w1, rng3-65,
and three different mutant alleles of myosin II, myo2-E1, myo2-S1, and myo2-S2.
It is noteworthy that previous work has shown that rng3-65 displayed a synthetic
lethal genetic interaction with the myo2-E1 allele, but not with the myo2-S1 or
myo2-S2 alleles (Wong et al. 2000).  Interestingly, I found that swo1-w1 also
displayed a strong synthetic lethal interaction with myo2-E1 (Figure 3A).  Double
mutants of the genotype myo2-E1 swo1-w1 were non-viable at all growth
temperatures, whereas the two parental strains were compromised for cell
viability only at higher temperatures (data not shown).  Microscopic examination
revealed that the double mutants had undergone spore germination and died as
elongated single cells (Figure 3B).  To further characterize the phenotype of the
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myo2-E1 swo1-w1 cells, I rescued the double mutants by tetrad dissection on
plates containing sorbitol (data not shown).  Wild-type cells as well as mutants of
the genotypes, myo2-E1, swo1-w1, and myo2-E1 swo1-w1 were grown at 24oC in
liquid medium containing sorbitol and subsequently shifted to medium lacking
sorbitol.  Cells were then fixed and stained with DAPI and aniline blue.
Interestingly, I found that the double mutants were specifically defective in
cytokinesis and accumulated multiple nuclei, before eventual lysis and death
(Figure 3C).  Additionally, swo1-w1 showed a weak interaction with rng3-65
since the double mutants were incapable of colony formation at 32oC, a
temperature at which both the parental strains grew and formed colonies (Figure
3D).  rng3-65 swo1-w1 cells showed an exacerbated cytokinetic phenotype when
compared to cells of the rng3-65 genotype at 32oC.  swo1-w1 cells did not show
any strong genetic interaction with myo2-S1, myo2-S2, or 14 other mutants
defective in cytokinesis (data not shown) – cdc3, cdc4, cdc8, cps1,  cdc12, cdc15,
cdc7, cdc11, plo1, sid1, sid2, sid4, spg1 and cdc16 (Nurse et al. 1976; Minet et al.
1979; Balasubramanian et al. 1992; Balasubramanian et al. 1994; Fankhauser et
al. 1995; Ohkura et al. 1995; Chang et al. 1996; Chang et al. 1997;
Balasubramanian et al. 1998; Furge et al. 1998; Sohrmann et al. 1998; Le Goff et
al. 1999; Krapp et al. 2001).  The other allele of Hsp90 in S. pombe, viz. swo1-26,
also showed a similar synthetic interaction with myo2-E1 and rng3-65 (data not
shown).  Based on the allele-specific genetic interaction with myo2-E1 and the
genetic interaction with rng3-65, I concluded that Swo1p was important for
myosin II assembly and/or function.
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Figure 3: The swo1-w1 mutant shows a synthetic lethal interaction with both
myo2-E1 and rng3-65 mutant strains.
(A) The swo1-w1 mutant was crossed with cells of the myo2-E1 genotype and
resulting tetrads were dissected and grown at 24 oC.  Four spores from each tetrad
are aligned vertically; 7 tetrads are shown.  PD, parental ditype (all spores viable
and showing a temperature-sensitive phenotype);  NPD, non-parental ditype (two
viable spores and two non-viable);  TT, tetratype (one non-viable, the remaining
viable three showing 2:1 segregation of temperature–sensitive:wild-type).  (B)
Colony formation by cells from a tetratype tetrad, germinated at 36°C for 3 days.
(C) Characterization of the myo2-E1 swo1-w1 phenotype.   swo1-w1 myo2-E1
cells were rescued by tetrad dissection on medium containing sorbitol ,then grown
at 24oC in liquid medium containing sorbitol along with strains of wild-type,
swo1-w1 and myo2-E1 genotypes.  Cells were subsequently shifted to medium
lacking sorbitol for four hours and stained for nuclei and septa using DAPI and
aniline blue respectively.  (D) The restrictive temperature for growth of the
double mutant strain swo1-w1 rng3-65 was lowered, with the double mutant
being unable to grow at the temperature of 32°C at which both individual mutant
strains still formed colonies.  (E) Cells of the rng3-65 strain and the swo1-w1
rng3-65 double mutant strain were grown at 32oC for four hours and stained with
DAPI and aniline blue to visualize DNA and septa simultaneously.
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3.2.4 myo2-E1 and rng3-65 strains show a heightened sensitivity to the
Hsp90 inhibitor geldanamycin
I then utilized a pharmacological approach to independently study the role of
Swo1p in myosin II assembly and/or function.  The antibiotic geldanamycin has
been shown to specifically bind Hsp90 and disrupt its function (Whitesell et al.
1994).  I assessed the ability of wild-type, myo2-E1, myo2-S1, myo2-S2, rng3-65,
and cdc4-8 cells to form colonies on plates containing a low dose of
geldanamycin (2 µg/ml).  Interestingly, consistent with the genetic analysis
presented earlier, myo2-E1, swo1-w1 and rng3-65 were sensitive to low doses of
geldanamycin and only showed poor growth, whereas myo2-S1, myo2-S2, and
cdc4-8 were comparable to wild-type cells in their ability to form colonies (Figure
4A).  Upon treatment with geldanamycin in liquid cultures for four hours, DAPI-
staining revealed that: wild-type cultures consisted of a population of mono- and
bi-nucleate cells (as seen in DMSO-treated cultures of all genotypes), while
myo2-E1, swo1-w1 and rng3-65 cultures contained predominantly multinucleate
cells with mis-organized division septa (Figure 4B).  DMSO-treated cells
belonging to myo2-E1, swo1-w1 and rng3-65 cells did not display a multinucleate
phenotype.  Based on the genetic and pharmacological analyses, I concluded that
Swo1p was important for myosin II structure and/or function.  The genetic
interaction between rng3-65 and swo1-w1, as well as the sensitivity of myo2-E1,
rng3-65 and swo1-w1 cells to geldanamycin suggested that Swo1p and Rng3p
might collaborate to facilitate myosin II assembly and/or function.
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Figure 4: The mutant strains myo2-E1, rng3-65 and swo1-w1 show a
heightened sensitivity to geldanamycin.
(A)  Ten-fold serial dilutions of exponentially growing cells belonging to a wild-
type strain, three allelic strains of the myo2 gene, cdc4-8, rng3-65 and swo1-w1
strains, were spotted on to YES-agar plates, containing 2 µg/ml geldanamycin
(GD) or DMSO as control and incubated at 24oC for three days.  (B)  DAPI and
aniline blue staining to reveal nuclear number and septa respectively, in cells of
wild-type, swo1-w1, myo2-E1 and rng3-65 genotype treated with either DMSO as
control or 2 µg/ml geldanamcyin.
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3.2.5 Swo1p-GFP persists at the actomyosin ring only in the myo2-E1 strain
Rng3p is related to the myosin II co-chaperone UNC45p that together with Hsp90
prevents aggregation and misfolding of myosin II heads in C. elegans (Barral et
al. 1998).  Previous studies in fission yeast have shown that while Rng3p-GFP is
detected as a weak cytoplasmic signal in wild-type cells, Rng3p-GFP is detected
in the improperly formed actomyosin rings in cells harboring the myo2-E1
mutation, but not in cells of myo2-S1, myo2-S2 or other cytokinesis mutant strains
(Wong et al. 2000).  I therefore characterized the localization of Swo1p that was
fused to GFP at its C-terminus (as the sole Swo1p copy expressed from its native
chromosomal promoter) in wild-type, myo2-E1, myo2-S1, myo2-S2 and 14 other
strains that are defective in cytokinesis.  As expected, Swo1p-GFP was detected
as a strong and diffuse staining throughout the cytoplasm of wild-type cells,
indicative of multiple targets that might depend on Swo1p for their folding,
assembly and function.  Swo1p-GFP was also observed as a diffuse cytoplasmic
signal in heat-arrested myo2-S1, myo2-S2 cells and cells belonging to the other
mutant strains.  Interestingly, as with Rng3p-GFP, Swo1p-GFP was detected in
the improperly organized actomyosin rings in heat arrested myo2-E1 cells (Figure
5A).  The rings of Swo1p-GFP also underwent constriction at a semi-permissive
temperature, consistent with the ability of myo2-E1 cells to undergo actomyosin
ring constriction and septum deposition inefficiently under such conditions
(Figure 5B).  These studies established that Swo1p was enriched in the
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actomyosin ring when myosin II function is compromised as a consequence of the
myo2-E1 mutant allele.
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Figure 5: Swo1p-GFP is detected at the division site in myo2-E1 cells but not
in myo2-S1 or myo2-S2 cells.
(A)  Cells of wild-type, myo2-S1, myo2-S2 and myo2-E1 genotype expressing
Swo1p-GFP from the genomic locus were grown at 24oC, shifted to 32oC and
checked for Swo1p-GFP fluorescence.  (B)  Cells of the strain swo1-GFP myo2-
E1 growing at 24oC were shifted to 32oC for 4 hours before mounting for time-
lapse analysis.  Individual images from a time-lapse series performed at 32oC
using a heated microscope stage are shown.
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3.2.6 Swo1p physically interacts with the Myo2p-head domain and with
Rng3p
I next attempted to obtain evidence for a direct physical association of the
Myo2p-head domain with Swo1p and Rng3p.  Yeast two-hybrid analysis was
used to check if Rng3p directly interacts with Swo1p and with the Myo2p-head
domain.  Rng3p, Swo1p and the head domain of Myo2p were cloned into yeast
Matchmaker vectors producing fusions to the binding and activation domains of
the yeast transcriptional activator GAL4.  Expression of the HIS3 reporter activity
and levels of β-galactosidase activity (presented in Fig. 6A) indicated that a
specific interaction existed between Rng3p and the head domain of Myo2p as
well as between Rng3p and Swo1p.  Evidence for a direct interaction between the
Myo2p-head domain and Swo1p was less clear in this assay.  While viable His+
colonies were observed for this pair of interactors, the level of β-galactosidase
activity was below detectable limits.  Control experiments included the
independent transformation of DNA-BD/target plasmid alone and AD/target
plasmid as shown in Figure 6 A.  These control transformants did not show any β-
galactosidase activity and displayed much reduced HIS3 activity ruling out any
autonomous reporter gene activation.
To independently confirm the physical association of Myo2p with Rng3p and
Swo1p in vivo I carried out co-immunoprecipitation experiments.  Localization of
Rng3p and Swo1p to the actomyosin ring in myo2-E1 strains predicted the
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possibility of a stronger interaction of these proteins in the mutant background.
Hence I looked for evidence of a physical association of Myo2p, Rng3p and
Swo1p in a myo2-E1 strain background.  Strains of the genotype swo1-HA-6His
myo2-E1 and rng3-GFP myo2-E1 were generated and used for co-
immunoprecipitation experiments (Figure 6B).  Both Rng3-GFP and Swo1-HA
were recovered in immune complexes generated using anti-Myo2p antibodies
(Lanes 4 and 9 respectively) but not with control serum (Lanes 5 and 11).
Furthermore, mutant Myo2p was recovered when immune complexes were
generated with antibodies against HA (Swo1p-HA) and GFP (Rng3p-GFP)
(Lanes 3 and 10 respectively).  Cross-reactivity of anti-GFP and anti-HA
antibodies to Myo2-E1p was ruled out (Lanes 6 and 12).  These data indicate that
Swo1p and Rng3p interact with Myo2-E1p in vitro and suggest an association
with Myo2p in vivo.
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Figure 6: Physical interactions between Myo2p and Rng3p with Swo1p.
(A)  Cell suspensions of the S. cerevisiae strain Y190 carrying the indicated BD
and AD plasmids were selected on synthetic complete medium lacking leucine
and tryptophan and re-screened for His3 expression to select for strains containing
pairs of interacting proteins.   Colonies grown on medium lacking histidine with
3-AT (35 mM) were assayed for β-galactosidase activity by colony-lift filter
assay.  (B)  Cell extracts were prepared from myo2-E1, myo2-E1 swo1-HA-6His
and myo2-E1 rng3-GFP strains and were immunoprecipitated with anti-Myo2p
antibodies, anti-HA antibodies, anti-GFP antibodies or non-specific control
antibodies. Lane1.  myo2-E1 lysate ;  2.   myo2-E1 swo1-6HA lysate;  3.  myo2-E1
swo1-6HA IP with anti-HA antibodies;  4. myo2-E1 swo1-6HA IP with anti-
Myo2p antibodies;  5. myo2-E1 swo1-6HA IP with non-specific IgG;  6. myo2-E1
IP with anti-HA antibodies;  7. myo2-E1 Lysate;  8. myo2-E1 rng3-GFP Lysate;
9.  myo2-E1 rng3-GFP IP with anti-Myo2p antibodies;  10. myo2-E1 rng3-GFP
IP with anti-GFP antibodies;  11. myo2-E1 rng3-GFP IP with non specific IgG;
12.  myo2-E1 IP with anti-GFP antibodies.
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3.2.7 Myo2-E1p levels are reduced in absence of Swo1p and Rng3p
Given that my data indicated a role for Rng3p and Swo1p in myosin function, I
examined the stability of Myo2-E1p in rng3-65 and swo1-w1 mutant cells.  It has
previously been shown that the levels of myosin in myo2-E1 remain comparable
to wild-type strains after 5 hours of maintaining cultures at the restrictive
temperature of 36oC (Wong et al. 2000).  Immunoblotting experiments using
lysates from myo2-E1 rng3-65 and myo2-E1 swo1-w1 strains and anti-Myo2p
antibodies indicated that the levels of Myo2-E1p in these strains was less than
half of that seen in myo2-E1 cells (Figure 7A and B).  I infer, from this data, the
involvement of both Rng3p and Swo1p in maintaining the stability of Myo2p.
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Figure 7: Swo1p and Rng3p are required for the stability of Myo2-E1p.
(A)  The indicated strains were arrested at the restrictive temperature of 36oC for
5 hours.  Total lysates prepared from the cells were resolved by 12% SDS-PAGE,
immunoblotted and probed with antibodies against Myo2p and Arp3p.  (B)  The
amount of myosin in the three strains as quantified by densitometry, after





The motor protein myosin is of central importance in eukaryotic motility, having
roles in diverse processes such as muscle contraction, transport of organelles,
cytokinesis and organization of the actin cytoskeleton.  Most members of the
myosin superfamily have a heavy chain consisting of a conserved ~ 80 kDa
catalytic domain at the N-terminus, followed by an α-helical light-chain binding
region and a C-terminal rod-like tail domain (Berg et al. 2001).  Variations within
the tail domain and extensions in the N-terminal head region are the basis for
sorting individual myosins into various classes.  The head domain at the N-
terminus of myosin contains the sites for nucleotide hydrolysis and actin binding.
Binding and hydrolysis of ATP at this domain leads to conformational changes
that alter the affinity of myosin for actin leading to the association-dissociation
cycle that is central to force generation by this motor protein (Rayment et al.
1993).  While myosin tail fragments and myosin light chains appear to
spontaneously adopt their functional conformation in non-native systems
(Atkinson and Stewart 1991; Saraswat and Lowey 1991), the proper folding of
head domains of recombinant myosins has not been as straightforward.
Expression of an embryonic striated muscle myosin II motor domain, with GFP
fused at its C-terminus, in a functionally active form, was only possible in skeletal
muscle myocytes and not in kidney epithelial cell lines (Chow et al. 2002).  This
indicated a folding dependency of the motor domain on muscle-specific factors.
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Myo2p, one of two type II myosins in S. pombe, is an essential component of the
actomyosin ring that constricts, concomitant with septum deposition, to effect
cytokinesis (Kitayama et al. 1997; May et al. 1997).  An increasing amount of
evidence indicates that Myo2p in S. pombe utilizes accessory proteins to facilitate
its function.  The first such protein, Rng3p, was isolated in the course of a large-
scale screen designed to identify genes important for cytokinesis
(Balasubramanian et al. 1998).  Germinated spores carrying a null mutation for
Rng3p were multinucleate with disorganized F-actin patches and defective septa,
consistent with a defect in actomyosin ring assembly.  A study of Rng3p
localization in S. pombe indicated that Rng3-GFP was only detected in improperly
assembled actomyosin rings at the restrictive temperature in myo2-E1 mutants and
not in wild-type, myo2-S1, myo2-S2 or 18 other cytokinesis mutants (Wong et al.
2000).  In a recent paper the Pollard lab have been able to detect Rng3p at the
division site late in anaphase with the use of a triple GFP fusion protein (Lord and
Pollard 2004).  It is noteworthy however that the same group in a subsequent
quantitative study reported that the amount of Rng3p detected at the division site
in the myo2-E1 mutant cells is sixty-fold higher than in wild type cells (Wu and
Pollard 2005).  The myo2-E1 mutation is a G345R point mutation in the head
region of Myo2p between the F-actin and ATP-binding domains.  Similarly, two
rng3 mutant alleles, rng3-65 and rng3-A3 displayed synthetic lethality with
myo2-E1 but not with 19 other mutants including the other two myosin mutant
alleles, mutants defective in actomyosin-ring assembly and placement and
mutants defective in the regulation of septum synthesis (Wong et al. 2000).
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Rng3p has been shown to be necessary for localization and maintenance of the
type II myosin in S. pombe, Myo2p, in a spot structure that may serve as a
progenitor for actomyosin ring formation (Wong et al. 2002).
Rng3p has a 400-residue conserved region at the C-terminus, referred to as the
UCS-domain (Wong et al. 2000).  This has classified Rng3p as a member of the
UCS-domain containing family of proteins which have been characterized in
filamentous fungi, budding yeast, nematodes and higher organisms (Hutagalung
et al. 2002).  Mutations in UCS-domain-containing proteins have been shown to
result in a diverse set of phenotypes such as disruption of the actin cytoskeleton,
endocytosis defects and defective sarcomere development (Yu and Bernstein
2003).  These have been directly and indirectly linked to interactions of UCS
proteins with myosins of various classes such as I, II and V.  The two
temperature-sensitive mutant alleles of rng3 that have been isolated, rng3-65 and
rng3-A3, both map to the conserved UCS domain and exhibit defects at the
restrictive temperature that include cytokinesis failure, loss of the Myo2p
progenitor spot at the restrictive temperature upon treatment with hydroxyurea
and subsequent failure to form the actomyosin ring upon release from the
restrictive temperature in the absence of hydroxyurea (Wong et al. 2000; Wong et
al. 2002).
Work presented in this chapter describes the involvement of a second protein in
Myo2p structure and function in S. pombe, the Hsp90 homolog Swo1p, and
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present in vivo data indicating that Swo1p and Rng3p cooperate to ensure proper
Myo2p function in the fission yeast S. pombe.  My characterization of the
phenotype of a mutant allele of the fission yeast Hsp90 encoding gene, swo1-w1
reveals that the swo1-w1 mutant is defective in actomyosin ring assembly.  The
swo1-w1 mutant shows phenotypic similarities with myo2 and rng3 mutants.  This
evidence combined with allele-specific genetic interactions between myo2-E1 and
swo1-w1 as well as between rng3-65 and swo1-w1 mutant pairs suggests that
Swo1p is likely to participate in myosin II assembly and/or function in vivo.
Moreover, partial reduction of Swo1p function by treatment with the Hsp90
inhibitor geldanamycin resulted in severe cytokinesis defects in myo2-E1, rng3-65
and swo1-w1 cells but did not affect myo2-S1, myo2-S2, cdc4-8 and wild-type
cells at the concentrations used.  As was observed with Rng3p, Swo1p-GFP has
been detected in the improperly formed actomyosin rings in a myo2-E1 strain, but
not in wild-type cells.  This observed co-localization may be attributed to the
persistent association with myosin molecules having potentially misfolded head
domains.  An interaction between Swo1p and Rng3p with the Myo2p-head
domain may be too transient and/or diffuse and hence in wild-type cells these two
proteins do not colocalize at the actomyosin ring.  My evidence for chaperone-
mediated folding of the myosin head domain is consistent with
immunofluorescence studies in differentiating C2C12 myocytes which have
revealed that GFP-tagged embryonic myosin heavy chain colocalizes with the
molecular chaperones Hsc70 and Hsp90 in intermediates but not in the mature
myofibrils.  Geldanamycin treatment of C2C12 myocytes caused the formation of
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aggregates which contained myosin, Hsp90 and Hsc70 as detected by
immunostaining with specific antibodies (Srikakulam and Winkelmann 2004).
My results substantiate in vitro studies performed using UNC45p, the Rng3p
homolog in C. elegans.  The UNC-45 protein is found throughout the thick
filaments of body wall muscle sarcomeres (Ao and Pilgrim 2000) and has an N-
terminal domain comprised of three tetratricopeptide repeat (TPR) motifs and a
C-terminal UCS domain (Venolia et al. 1999; Barral et al. 2002).  In vitro binding
assays revealed that UNC-45 formed stoichiometric complexes with scallop
myosin head subfragment 1 (S1) and Hsp90 suggesting the formation of a ternary
complex in which myosin binds the C-terminal region and Hsp90 binds the N-
terminal region of UNC-45 (Barral et al. 2002).  Evidence, using the S. pombe
system, for a physical interaction between Rng3p and the head domain of Myo2p
as well as between Rng3p and Swo1p was obtained using the yeast two-hybrid
system and co-immunoprecipitation experiments in myo2-E1 mutant strains.
Recent study (Lord and Pollard 2004) have also shown that S. pombe Rng3p
physically interacts with Myo2p and might stimulate its activity.  Our results
suggest that Rng3p and Swo1p are also important for the stability of Myo2p.  The
mode of chaperone-assisted folding of the Myo2p-head in S. pombe is still open to
speculation.  Hsp90 in mammalian cells has been shown to interact with a host of
other co-chaperones that facilitate its interaction with nucleotides and client
proteins (summarized on the webpage
http://www.picard.ch/DP/downloads/Hsp90interactors.pdf).  The co-chaperones
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are divided into two classes based on the presence or absence of TPR-domains
that bind at the C-terminal MEEVD motif in Hsp90.  Some of these co-
chaperones additionally interact with the client proteins and with each other.
Rng3p in S. pombe lacks a TPR domain.  The binding of Swo1p to Rng3p may
therefore be either at an alternative region of Rng3p or via a hitherto unidentified
protein.  Future work will involve identification and characterization of TPR
domain-containing proteins and proteins displaying functional cooperation with
Swo1p in S. pombe, with a view to characterizing the entire subset of proteins
involved in folding the myosin head domain into its proper conformation.
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4 Clp1p ensures completion of cytokinesis in response to minor
perturbation of the cell division machinery in S. pombe
4.1 Introduction
Cytokinesis mutants in fission yeast can be divided into two broad categories
(Nurse et al. 1976; Chang et al. 1996; Schmidt et al. 1997; Balasubramanian et al.
1998): the ‘rng’ and the SIN.  The ‘rng’ mutants comprises those in which mitotic
cell cycle progression is delayed upon cytokinetic failure (Nurse et al. 1976; Le
Goff et al. 1999; Liu et al. 1999; Liu et al. 2000; Cueille et al. 2001; Trautmann et
al. 2001).  Actomyosin ring assembly and cell wall synthesis mutants fall under
this category.  On the other hand in SIN mutants, the timing of mitotic cell cycle
progression is unperturbed following cytokinetic failure (Nurse et al. 1976; Le
Goff et al. 1999; Liu et al. 2000).  Interestingly, the mitotic delay following failed
cytokinesis in ‘rng’ mutants is abolished when combined with SIN mutations,
suggesting that SIN function is important for mitotic delay as well as proper
cytokinesis (Le Goff et al. 1999; Liu et al. 2000).  Loss-of-function mutations in
the protein phosphatase Clp1p also allow bypass of the mitotic delay in ‘rng’
mutants (Cueille et al. 2001; Trautmann et al. 2001).  Thus, Clp1p, as with the
SIN, appears to play a role in the mitotic delay, but unlike the SIN is not essential
for cytokinesis.
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The ability of ‘rng’ mutants to delay G2/M progression in response to failed
cytokinesis has been suggested to indicate a checkpoint mechanism that
monitored cytokinesis (Le Goff et al. 1999; Liu et al. 2000; Cueille et al. 2001;
Trautmann et al. 2001) and that Clp1p plays a crucial role in this process.  The
physiological significance of this Clp1p-dependent G2 delay mechanism,
however, has been unclear since, unlike with previously described checkpoints,
mutant cells died regardless of the presence of the checkpoint.
In this chapter, I show that the Clp1p-dependent cytokinesis checkpoint provides
a previously unrecognized cell survival advantage.  I show that Clp1p, normally a
non-essential protein, becomes critical for maintaining viability upon mild
perturbation of the cytokinetic machinery.  I provide evidence that Clp1p acts in
two ways to aid survival.  It is required both for the maintenance of cell division
structures upon damage as well as halting the nuclear cycle.  In addition, I
demonstrate that ectopic signaling from the SIN compensates for loss of Clp1p in
conditions where the cytokinetic machinery is damaged.   Furthermore, I show
that in response to cytokinetic defects, Clp1p, normally nucleolar in interphase, is
retained in the cytoplasm until completion of cell division.  This retention of
Clp1p depends on the SIN and the 14-3-3 protein Rad24p.  Consistent with this,
we show that a phosphorylated form of Clp1p binds to Rad24p.  This physical
interaction depends on the function of the SIN kinase Sid2p.  In the absence of
Rad24p, cells are unable to maintain SIN signaling and lose viability upon mild
cytokinetic stress.  As with Clp1p, the requirement of Rad24p in this checkpoint
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is bypassed by ectopic activation of the SIN.  Given that cell division structures
similar to those seen in S. pombe are observed in more complex eukaryotes
(Guertin et al. 2000), and that Clp1p, Rad24p and some of the components of the
SIN are conserved (Bembenek and Yu 2001; Moreno et al. 2001; Gruneberg et al.
2002; Bembenek and Yu 2003; Gromley et al. 2003), a similar checkpoint
mechanism may operate in other organisms.
4.2 Results
4.2.1 Clp1p is essential when the cytokinetic apparatus is mildly perturbed
In order to evaluate the physiological function of Clp1p in coordinating mitosis
and cytokinesis, I made double mutants lacking Clp1p and one of several ‘rng’
mutants including myosin light chain cdc4-8 (McCollum et al. 1995), myosin II
heavy chain myo2-E1 (Balasubramanian et al. 1998), IQGAP-related molecule
rng2-D5 (Eng et al. 1998), PCH and SH3 domain protein cdc15-140 (Fankhauser
et al. 1995) and 1,3-β-glucan synthase cps1-191 (Liu et al. 1999).  I also made
double mutants between clp1∆ and four non-essential components of the
actomyosin ring such as the type II myosin heavy chain Myp2p (Bezanilla et al.
1997; Motegi et al. 1997), myosin regulatory light chain Rlc1p (Le Goff et al.
2000; Naqvi et al. 2000), the SH3 domain protein Cyk3p and the type V myosin
Myo52p (Motegi et al. 2001; Win et al. 2001).  Strikingly, I found that under
conditions in which single mutants containing wild-type clp1+ were able to divide
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and form colonies, albeit with altered morphology, the double mutants that lacked
Clp1p were inviable (Figure 8A and data not shown).  Single mutants containing
clp1+ could assemble functional septa (shown with arrowheads in Figure 8B),
indicating successful cytokinesis, and rarely accumulated more than two nuclei
(Figure 8C).  However, when clp1 was deleted, the double mutants only
infrequently assembled division septa (Figure 8B and C; data not shown), and a
significant proportion of double mutant cells accumulated four or more nuclei
(Figure 8C).  Taken together, these studies suggest that clp1∆ cells are
hypersensitive to a wide variety of perturbations to the cell division machinery,
including mutations that affect assembly of the actomyosin ring, division septum
and secretion.
The importance of Clp1p in responding to minor damage of cell division
structures was further supported by our analysis of wild-type and clp1Δ cells
treated with a low dose of latrunculin A (LatA), a drug that prevents actin
polymerization (Ayscough et al. 1997).  Typically, treatment of wild-type cells
with 10 µM or higher concentrations (high dose) leads to loss of all detectable F-
actin structures and lethality (Pelham and Chang 2002).  In contrast, 0.2 µM Lat
A (referred to as "low dose" hereafter) did not cause any defects detectable by
flurosence microscopy in the appearance of F-actin structures in wild-type cells,
although the effect on F-actin function was detected as a delay in progression
through cytokinesis (described further in Figure 10)
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To acess cell-cycle-dependent effects of low-dose LatA treatment wild-type and
clp1∆ cells were synchronized in early G2 by centrifugal elutriation, treated with
low doses of Lat A and subsequently sampled at thirty minute intervals over a six
hour time frame.  The kinetics of nuclear cycle progression and septation were
then examined by staining with aniline blue and DAPI to visualize the division
septa and nuclei, respectively (Figure 8D and E).  Wild-type and clp1Δ cells
treated with DMSO showed similar degrees of synchrony in mitosis and septation.
However, these strains differed dramatically when exposed to low doses of Lat A.
Although wild-type and clp1∆ cells entered mitosis synchronously and with
comparable kinetics upon low-dose Lat A treatment, wild-type cells persisted as
binucleates which slowly completed assembly of a septum that was abnormal in
appearance but completely bisected the cell (Figure 8E, marked with arrowhead).
In contrast, clp1∆ cells treated with Lat A did not assemble detectable septa,
exited mitosis with normal kinetics, and completed another round of mitosis
within the time-frame of the experiment leading to the accumulation of
tetranucleate cells (Figure 8D and E).  Furthermore, wild-type cells treated with
Lat A were capable of colony formation (Figure 8F) and showed a modest, but
convincing increase in cell number (Figure 8G).  However, clp1Δ cells were
unable to form colonies on Lat A-containing plates and did not show a significant
increase in cell number upon LatA treatment (Figure 8F and G).
Taken together, these results clearly demonstrate that upon low-dose Lat A
treatment, wild-type cells are competent to form septa as well as inhibited in
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progression through further nuclear cycles.  In contrast, clp1∆ mutants are unable
to form septa and proceed through subsequent nuclear cycles without delay. Since
clp1Δ mutants are sensitive to perturbations of F-actin, myosin II heavy and light
chains, the PCH domain protein Cdc15p, cell-wall enzymes and potential
regulators of secretion, it is unlikely that Clp1p acts in a redundant cytokinetic
pathway with all these components.  I concluded that Clp1p has an important
physiological role in promoting cell viability upon delays in cytokinesis caused by
a variety of perturbations that affect the cytokinetic machinery.
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Figure 8: Clp1p is essential when cell division structures are mildly
perturbed and ensures the completion of cytokinesis.
A. (A) Cells of indicated genotype were streaked to YES plates and assayed for
colony formation after 3 days at 30°C (left) and 32°C (right).  (B) Cells of
indicated genotype were cultured to exponential growth phase at 24°C and
then shifted to 32°C for 5 hours, fixed and then stained with aniline blue and
DAPI to visualize cell wall/septa and nuclei respectively. Septa are indicated
with arrowheads. Scale bar: 10 µm.  (C) Septum formation in ‘rng’ mutants at
semi-permissive temperatures in the presence or absence of Clp1p.  Cells of
the indicated genotype were cultured to exponential growth phase at 24°C,
shifted to 32°C for 5 hours, fixed and then stained with aniline blue and DAPI
to visualize cell wall/septa and nuclei respectively.  (D)  Wild-type and clp1Δ
cells were cultured to exponential growth phase at 24°C, synchronized in
early G2 by centrifugal elutriation and then treated with a low dose (0.2µM)
of Lat A or DMSO (solvent control) and cultured at 32°C.  Cells were
subsequently fixed at 30 minute intervals and stained with DAPI (nuclei) and
aniline blue (cell wall/septa).  (E)  Wild-type and clp1Δ cells treated as in
Figure 8D (at t=240 minutes) and stained with both DAPI (nuclei) and aniline
blue (cell wall/septa). Imperfect but functional septa are indicated with
arrowheads. Scale bar: 10 µm.  (F)  Ten-fold serial dilutions of wild-type and
clp1Δ cells grown on YES plates containing either 0.25 µM Lat A or DMSO.
Images were captured after 3 days growth at 32°C.   (G) Wild-type and clp1Δ
cells were cultured to exponential growth phase at 24°C, synchronized in
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early G2 by centrifugal elutriation and then treated with a low dose (0.2 µM)
of Lat A or DMSO (solvent control) and cultured at 32°C.  Cell number was




Clp1p has a well-defined role in regulating mitotic entry (Cueille et al. 2001;
Trautmann et al. 2001) (and Figure 8C).  It was thus possible that Clp1p promoted
the completion of cytokinesis indirectly through mediating an interphase (G2)
arrest.  If this were the case (i.e. if Clp1p was required solely for nuclear cycle
delay and not for the physical assembly of division septa), then an artificially
induced cell-cycle block should be sufficient to allow completion of cytokinesis
in low dose Lat A treated clp1∆ cells.  If on the other hand Clp1p possessed
additional function required for division septum assembly, then an artificially
induced cell-cycle block would be insufficient to allow completion of cytokinesis.
To distinguish between these two possibilities cdc25-22 mutant cells were utilized
to arrest cell cycle progression in G2 independently of Clp1p (Berry and Gould
1996).  Logarithmically growing cdc25-22 and cdc25-22 clp1∆ cells were shifted
to the restrictive temperature of 36°C to synchronize cells in late G2.  Cells were
then released to the permissive temperature of 25°C to allow entry into the first
mitosis.   During the shift-down, cells were treated with a low dose of Lat A to
perturb the actomyosin ring and then shifted back to 36°C in order to block entry
into the subsequent mitosis (Figure 9A).  This strategy, was used to assay the
septum forming ability of clp1∆ mutants in the presence of low doses of Lat A
under conditions where nuclear cycle progression was blocked by a means that
did not require Clp1p itself.  Intriguingly, while the majority of cdc25-22 cells
were able to form improper but complete septa, cdc25-22 clp1∆ cells were not
(Figure 9B and C).  Double mutants generated predominantly binucleate cells
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with non-functional spot like deposits of septum material. The functionality of
septa in cdc25-22 versus clp1Δ cdc25-22 cells was confirmed by 3D
reconstructions of de-convolved Z-stack images.  While cdc25-22 cells generally
formed misshapen but complete septa that clearly bisected the cell into two
independent compartments, clp1Δ cdc25-22 cells formed fragmented, incomplete
septa that were unable to divide the cell into two (Figure 9D).  Thus, in addition to
its role in delaying entry into mitosis, Clp1p also possesses other function, which
contribute to successful cell division when progression through cytokinesis is
delayed.
81
Figure 9: Nuclear cycle arrest is insufficient to allow completion of
cytokinesis upon perturbation of the cell division machinery.
(A)  cdc25-22 and clp1Δ cdc25-22 cells were grown to early log phase at 24oC
and then shifted to 36oC for 3 hours to arrest cells at the G2/M transition.  Cells
were subsequently shifted down to 24°C for 30 minutes, treated with a low dose
of Lat A (0.2 µM) (t=0) to perturb the actomyosin ring and then shifted back to
36oC at t=30 minutes in the continuing presence of the drug.  (B)  Quantitative
data for cdc25-22 and clp1Δ cdc25-22  cells treated as in Figure 9A and then
fixed with methanol, washed twice with PBS, and stained with DAPI (nuclei) and
aniline blue (cell wall) at the indicated time points.  Septa were classified into
three groups: normal (similar to septa formed in wild-type cells during
logarithmic growth), imperfect and complete (functional septa that appeared
thicker and more disorganized but bisected the cell), and spotty and incomplete
(non functional deposits of septal material that failed to form a linear structure
across the width of the cell).  (C)  cdc25-22 and clp1Δ cdc25-22  cells treated as
in Figure 9A (at t=4 hours) and stained with both DAPI (nuclei) and aniline blue
(cell wall/septa). Imperfect but functional septa are indicated with arrow-heads.
(D)  cdc25-22 and clp1Δ cdc25-22  cells treated as in Figure 9A (at t=4 hours) and
stained with aniline blue (cell wall/septa). Z-series were obtained and
deconvolved as described in Materials and Methods.  Maximal projections of the
entire cell are shown to the left of each panel, whereas three alternate views of 3D
reconstructions of septa are shown to the right.
(Figure 9: Figure Provided by Dr. Jim Karagiannis).
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4.2.3 Clp1p-dependent maintenance of the actomyosin ring upon
perturbation of cytokinesis
In fission yeast, F-actin is detected in patch-structures concentrated at the cell tips
during interphase and in a ring at the medial region of the cell in mitotic and post-
mitotic cells undergoing cytokinesis (Marks et al. 1986).  Intriguingly, F-actin is
also retained in the medial ring in a high proportion of cps1-191 mutants even
though arrested cps1-191 cells contain two G2 nuclei (Le Goff et al. 1999; Liu et
al. 2000).  I therefore considered the possibility that Clp1p might also be involved
in actively maintaining the actomyosin ring to ensure completion of cytokinesis.
Consistent with this possibility, we found that the maintenance of medial
actomyosin rings in cps1-191 mutants depended on Clp1p function (Figure 10A).
To address the role of Clp1p in maintenance of actomyosin rings more rigorously,
I studied the localization of F-actin in wild-type cells and clp1Δ cells treated with
a low dose of Lat A, which leads to a significant delay in cytokinesis (Figure 8D).
It was expected that F-actin rings would be maintained for a long period of time
in wild-type cells treated with a low dose of Lat A, whereas rings would not be
maintained in clp1Δ cells.  Wild-type and clp1∆ cells were synchronized in early
G2 by centrifugal elutriation, treated with low doses of Lat A and were then fixed
and stained at 30-minute intervals to determine the proportion of cells with medial
F-actin structures.  clp1∆ and wild-type cells were able to form medial rings upon
entry into the first mitosis (~30% and 40% of cells, respectively), suggesting that
clp1∆ cells were fully capable of actomyosin ring assembly in the presence of low
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doses of Lat A.  The kinetics of ring assembly upon entry into the first mitosis
were also similar in cells of either genotype treated with Lat A or DMSO.
Interestingly, wild-type cells were able to maintain medial F-actin ring structures
for the duration of the experiment (Figures 10B and C) and were able to assemble
improper but complete division septa indicative of successful ring constriction
(Figures 8D and E).  The appearance of rings ranged from normal to malformed.
They contained myosin II (data not shown) and were predominantly in the medial
region of the cell as a broader structure.  Unlike wild-type cells, medial F-actin
rings in clp1∆ cells disassembled upon mitotic exit leading to the formation of
unseptated cells with two nuclei.  Upon failed cytokinesis in the clp1Δ mutant,
nuclei were observed to cluster (Figure 10C, marked with arrowheads), as
typically observed in SIN mutants that fail in cytokinesis (Hagan and Yanagida
1997).  In contrast, the nuclei in wild-type cells treated with Lat A did not cluster
(Figure 10C, marked with arrows), presumably due to the maintenance of the
underlying post-anaphase array of microtubules (our unpublished observations),
as has been reported for other group I mutants (Liu et al. 2002; Pardo and Nurse
2003).  The synchronous culture experiment established that the actomyosin ring
is maintained for a prolonged period of time in the presence of Clp1p but not in its
absence.  This led me to conclude that Clp1p function is important to maintain the
actomyosin ring at the medial region of the cell until cytokinesis is complete, in
particular under adverse conditions.
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Figure 10: Clp1p is important for the maintenance of the actomyosin ring at
the medial region of the cell.
(A)  cps1-191 and clp1Δ cps1-191 cells were grown to exponential phase at 24°C,
shifted to 36°C for 4 hours and stained with rhodamine-conjugated phalloidin to
determine the distribution of actin.  "Medial" refers to the localization of actin in a
medial actomyosin ring structure.  "Tips" refers to the localization of actin patches
to the cell ends.  (B)  Wild-type and clp1Δ cells were cultured to exponential
growth phase at 24°C, synchronized in early G2 by centrifugal elutriation and
then treated with a low dose (0.2 µM) of Lat A or DMSO (solvent control).  Cells
were subsequently fixed at 30 minute intervals and stained with DAPI (nuclei)
and ALEXA 488-conjugated phalloidin (actin).  The graph shows the percentage
of cells with actomyosin rings.  (C)  Images of cells treated as in Figure 10B.
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I have shown that the actomyosin ring is not maintained in clp1∆ cells upon
perturbation of the cytokinetic machinery.  I therefore investigated the dynamics
of the actomyosin ring upon low dose LatA treatment to gain insight into the
mechanism of actomyosin ring maintenance in wild-type cells and its collapse in
clp1Δ cells.  I utilized wild-type or clp1∆ mutant cells expressing a GFP-tagged
version of the actomyosin ring component Rlc1p (Le Goff et al. 2000; Naqvi et al.
2000) and performed time-lapse imaging of these cells treated with either DMSO
(control) or a low dose of LatA.  At least ten cells with medial rings with well-
separated nuclei were imaged for each experiment.  Dynamics of actomyosin ring
constriction and progression through cytokinesis in DMSO treated clp1∆ cells
was comparable to that in wild-type cells and the process of ring constriction and
septum assembly typically lasted between 25 to 35 minutes (Figure 11).  As
shown earlier (Figures 10B and 10C), clp1∆ cells treated with a low dose of Lat A
were capable of assembling actomyosin rings.  However, these rings did not
constrict upon completion of mitosis but fragmented leading to the loss of the
actomyosin ring (Figure 11).  I then imaged wild-type cells treated with a low
dose of Lat A to study actomyosin ring dynamics in these cells (Figure 11).
Interestingly, the actomyosin ring was maintained for prolonged periods between
40 to 80 minutes and eventually underwent slow constriction (97 minutes in
Figure 11) with division septum assembly leading to cell division (Figure 11
arrow head).
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These results clearly showed that in wild-type cells, the actomyosin ring is
maintained for a long period of time and its constriction is slowed down but
completed upon exposure to a low dose of Lat A, whereas the rings disassemble
under a similar regime in clp1Δ cells.
Previous studies have shown that SIN mutants assemble actomyosin rings that are
not maintained upon completion of mitosis, leading to defects in septation (Gould
and Simanis 1997; Balasubramanian et al. 1998; Guertin et al. 2002; Wu et al.
2003).  I considered the possibility that the dynamics of the actomyosin ring in
SIN mutants might phenocopy the actomyosin ring loss phenotype of clp1∆ cells
treated with a low dose of Lat A.  To address this question, sid1-239 and sid2-250
cells (Figure 11; data not shown for spg1-106 and cdc14-118) expressing Rlc1p-
GFP were shifted to the restrictive temperature and the dynamics of the
actomyosin ring monitored.  These mutants were capable of assembling medial
actomyosin rings in accordance with previous reports (Gould and Simanis 1997;
Balasubramanian et al. 1998; Guertin et al. 2002; Wu et al. 2003).  Interestingly,
these actomyosin rings disassembled upon completion of mitosis (marked with
arrows in Figure 11) in a manner similar to that observed in low-dose Lat A
treated clp1∆ cells. Based on these studies I conclude that the SIN is important for
actomyosin ring maintenance during every cell cycle, whereas Clp1p is important
for actomyosin ring maintenance only if the cell division machinery is perturbed.
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Figure 11: Dynamics of Clp1p-dependent actomyosin ring maintenance upon
perturbation of the cytokinetic machinery.
Cells of the indicated genotypes expressing Rlc1p-GFP were imaged under
conditions shown on the left-hand side.  The numbers on the top right of each
frame indicate the time in minutes.  Note that whereas the Rlc1p-GFP rings are
maintained for a prolonged period of time, leading to the accomplishment of
division septum assembly, in wild-type cells upon treatment with a low dose of
LatA (0.2 µM), these rings fragment in similarly treated clp1Δ cells.  Note also
that SIN mutants display a phenotype similar to that observed in clp1Δ cells
treated with a low dose of LatA.
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4.2.4 Active SIN signaling greatly bypasses the need for Clp1p function
upon perturbation of the cell division machinery
The SIN plays an important role in the G2 delay following cytokinesis failure
(Gould and Simanis 1997; Feierbach and Chang 2001).  Hence, I wanted to test
whether the SIN, like Clp1p, is essential for cell viability when cytokinesis is
compromised.  Because the SIN is essential I used a SIN mutant, cdc14-118, that
was partially inactive, but viable, at 30ºC.  We found that myo2-E1 cdc14-118
cells resembled myo2-E1 clp1∆ mutants (Figure 8A and B) in that these cells
were nonviable at 30ºC, whereas both single mutants were viable at this
temperature.  Examination of the double mutants showed that they were
multinucleate and were incapable of assembling division septa at 30ºC, whereas
the single mutants were largely unaffected (Figure 12A and 12B).  Furthermore,
all SIN single mutants treated with low doses of Lat A under permissive and semi-
permissive conditions accumulated multiple nuclei and failed to septate similar to
clp1∆ mutants (data not shown).  Given that SIN mutants display a phenotype
similar to that displayed by clp1Δ mutants upon mild damage to the cell division
apparatus, and that ectopic SIN activation leads to septation in interphase cells, I
reasoned that SIN hyper-activation might rescue the checkpoint defect in
clp1Δ cells.  We therefore examined if ectopic activation of the SIN by mutation
of cdc16 gene that encodes a GAP for the Spg1p GTPase; (Minet et al. 1979;
Fankhauser et al. 1993; Furge et al. 1998) allowed clp1∆ cells treated with low
doses of Lat A to complete division septum assembly and arrest with two nuclei.
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Cells of the genotypes cdc16-116, clp1∆ and cdc16-116 clp1∆ were treated with a
low dose of Lat A and shifted to the restrictive temperature of 36°C for four hours
to allow inactivation of the temperature-sensitive cdc16-116p (Figure 12C and
12D).  Interestingly, I observed a high proportion of clp1∆ cdc16-116 cells with
two nuclei and an improper but complete division septum (marked with
arrowheads in Figure 12C).  This was in contrast to clp1∆ single mutants where
only 3% of cells displayed such a phenotype.  These observations suggest that
ectopic activation of the SIN cascade significantly rescues the G2 arrest and
septation defects of clp1∆ cells upon perturbation of the cytokinetic machinery
and that a normal role for Clp1p is to prolong SIN signaling to allow completion
of cytokinesis.  Similar results were obtained when the cytokinesis checkpoint
was activated using other means, such as using the cps1-191 mutant (data not
shown).
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Figure 12: SIN mutants are hypersensitive to mild perturbations of the cell
division machinery whereas ectopic activation of the SIN compensates for the
loss of Clp1p.
(A) I. cdc14-118, myo2-E1 and myo2-E1 cdc14-118 mutants were streaked to
YES plates and assayed for colony formation after 3 days at the semi-permissive
temperature of 30°C. II, III, and IV. cdc14-118, myo2-E1 and myo2-E1 cdc14-118
cells were grown at 24°C to early-log phase, shifted to 30°C for 6 hours fixed and
stained with DAPI and aniline blue to visualize nuclei and division septa,
respectively. Scale bar: 10 µm.  (B)  Quantitative data for cells treated as in
Figure 12A (II-IV).  (C)  Cells of the indicated genotypes were grown to early-log
phase at 24°C, shifted to 36°C, and then treated with 0.2 µM of Lat A or DMSO
(solvent control) for 5 hours.  Cells were subsequently fixed and stained with
DAPI and aniline blue to visualize nuclei and division septa respectively. Scale
bar 10 µm.  (D)  Quantitative data for cells treated as in Figure 12C.
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4.2.5 Clp1p localizes to the cytoplasm and is important for the maintenance
of active SIN cascade when cytokinesis is perturbed
To further understand the mechanism by which Clp1p influences SIN function, I
assayed the localization of SIN components in wild-type and clp1Δ cells exposed
to low doses of Lat A.  The SIN is composed of a group of spindle pole body
(SPB) localized proteins.  Of these, Cdc7p, Sid1p and Cdc14p localize to one SPB
in late mitosis and remain there until the completion of cytokinesis.  Previous
studies have proposed that the localization of these proteins to a single SPB
signifies active SIN signaling (McCollum and Gould 2001).  I therefore assessed
the kinetics of localization of Cdc7p and Sid1p in wild-type and clp1Δ cells
treated with Lat A.  Synchronous populations of wild-type and clp1Δ cells
expressing Sid1p-GFP or Cdc7p-GFP were generated by centrifugal elutriation
and released into growth medium containing Lat A.  As in previous experiments,
wild-type and clp1Δ cells entered mitosis with comparable kinetics.  Sid1p-GFP
and Cdc7p-GFP were also detected on one spindle pole body with similar kinetics
(Figure 13A).  However, whereas Sid1p-GFP and Cdc7p-GFP were retained at
the SPB for prolonged periods in wild-type cells, until completion of cytokinesis,
Sid1p-GFP and Cdc7p-GFP were undetectable in clp1Δ cells treated with Lat A
(Figure 13A).  Thus, I conclude that Clp1p is not required for the initial
localization of Sid1p and Cdc7p to one SPB during mitosis but is required to
maintain them at the SPB upon cytokinesis delay in the presence of Lat A, in
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order to allow completion of cell division.
I then studied the role of the SIN in Clp1p localization.  Previous studies have
shown that Clp1p is present in the nucleolus in interphase cells and is released
from the nucleolus to the cytoplasm in cells undergoing cytokinesis (Cueille et al.
2001; Trautmann et al. 2001).  In addition, Clp1p is also detected at the SPB,
mitotic spindle and the actomyosin ring.  I have shown that weak cytokinetic
defects caused by faults in various components of the cell division apparatus
result in lethality to SIN mutants even under semi-permissive temperature
conditions (Figure 12A), suggesting a role for SIN in “cytokinesis checkpoint”
function.  I therefore studied the localization of Clp1p-GFP in wild-type and
cdc14-118 mutants (grown at a semi-permissive temperature) in the presence and
absence of Lat A.  In wild-type and cdc14-118 mutants treated with DMSO,
Clp1p-GFP was in the nucleolus of interphase cells and in the cytoplasm of
mitotic and cytokinetic cells.  Interestingly, while Clp1p-GFP was retained in the
cytoplasm of wild-type cells treated with Lat A, Clp1p-GFP readily relocalized to
the nucleolus in cdc14-118 cells treated with Lat A (Figure 13B).  I therefore
conclude that Clp1p-GFP is maintained in the cytoplasm upon perturbation of the
cytokinetic machinery and that this maintenance in the cytoplasm in response to
cytokinesis failure requires functional SIN.
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Figure 13: Clp1p localizes to the cytoplasm and is important for the
maintenance of an active SIN cascade upon checkpoint activation.
(A) Wild-type and clp1Δ cells carrying integrated copies of Sid1p-GFP and
Cdc7p-GFP were cultured to exponential growth phase at 24°C, synchronized in
early G2 by centrifugal elutriation and then treated with a low dose (0.2 µM) of
Lat A or DMSO (solvent control) and cultured at 32°C.  Cells were subsequently
fixed at 30 minute intervals, stained with antibodies against GFP, and scored for
localization of Sid1p-GFP (left) and Cdc7p-GFP (right) to the SPB.  (B)  Wild-
type and cdc14-118 cells carrying an integrated copy of Clp1p-GFP were treated
with 0.2 µM Lat A or DMSO, shifted to 32°C for 3.5 hours, fixed and then




4.2.6 Cells lacking the 14-3-3 protein Rad24p are sensitive to perturbation
of cell division structures
As mentioned above, upon cytokinesis delays, Clp1p is retained in the cytoplasm,
even in interphase, until the previous cytokinesis event is completed (Figure 13).
Thus, cytoplasmic retention of Clp1p appears to represent a major mechanism of
prolonging the duration of SIN signaling in order to allow for the completion of
cytokinesis.  I therefore sought to identify molecular mechanisms involved in the
cytoplasmic retention of Clp1p.  To this end, I screened mutants defining
molecules known to be involved in nucleo-cytoplasmic transport.  These included
non-essential components of the nucleopore apparatus (Chen et al. 2004) as well
as the 14-3-3 molecules Rad24p and Rad25p (Ford et al. 1994).  Mutants defining
these proteins were screened by exposure to low doses (0.2 µM) of LatA.  At this
dose of LatA, wild-type cells slowdown cytokinesis, but do not have
morphogenetic defects and are viable (Figures 14A and 1B; Figure 8).  Among
the strains tested, mutants defective in rad24, were unable to form colonies in
conditions where wild-type cells were viable.  Interestingly, cells defective in
Rad25p, showed wild-type sensitivity to LatA (Figure 14G).  Microscopic
examination of rad24Δ cells following treatment with LatA revealed that the
lethality was due to an inability of cells to complete cytokinesis.  While wild-type
and rad25Δ cells treated with LatA were predominantly binucleate, with their
nuclei separated by an improper but complete septum, similarly treated rad24Δ
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cells were multinucleate and only accumulated fragmented septal material (Figure
14B, C and G).
Interestingly, rad24Δ mutants under these conditions resembled SIN mutants at
the restrictive temperature (Simanis 2003) as well as LatA treated clp1Δ cells,
both of which become multinucleate and are unable to form proper septa.  Given
that rad24Δ mutants are smaller and somewhat spherically (orb) shaped  (Ford et
al. 1994) as compared to wild-type, we were interested to determine whether the
failure of the cytokinesis checkpoint was due to an alteration in cell shape.
Significantly, other morphogenetic mutants like orb6 (Verde et al. 1998) and orb3
(Leonhard and Nurse 2005) mutants were able to complete septation and were
largely binucleate upon exposure to LatA (Figure 14C and G; data not shown).
Thus, failure of the cytokinesis checkpoint in rad24Δ cells appears to be unrelated
to its morphogenetic defect.  The 14-3-3 mutant, rad24Δ, therefore appeared to be
similar to clp1Δ, in that both mutants accumulated unseptated multinucleate cells
upon exposure to LatA and lost viability under these conditions.
As previously shown, clp1Δ cells are sensitive to a variety of perturbations to the
cell division apparatus (Figure 8).  I found that Rad24p was also essential for the
viability of several cytokinesis mutants under semi-permissive conditions.  The
mutants tested included several components of the actomyosin ring and the
division septum synthesizing machinery (Figure 14D).  In response to cytokinetic
failure, mutants such as cps1-191, cdc3-124, cdc12-112, myo2-E1, rng3-65 and
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cdc15-140 block as binucleate cells (or tetranucleate cells after prolonged shift to
the restrictive temperature) in which the nuclei are delayed in G2 (Figure 8, (Liu
et al. 2000; Trautmann et al. 2001).  Unlike the single mutants, cps1-191
rad24Δ, cdc3-124 rad24Δ, and cdc12-112 rad24Δ accumulated multiple nuclei
without significant G2 delay (Figure 14E and F; data not shown for cdc3-124
rad24Δ and cdc12-112 rad24Δ).  Thus, Rad24p behaves like Clp1p in all aspects
tested and is required for G2 delay and the completion of cytokinesis in response
to mild perturbation of the cell division apparatus.
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Figure 14: rad24Δ cells are sensitive to perturbation of cell division
structures.
(A) Ten-fold serial dilutions of logarithmically growing wild-type, rad24Δ and
rad25Δ cells were plated on YES media containing 0.2 µM LatA or DMSO
(solvent control) and incubated at 30ºC for 3 days.  (B)  Cells of the indicated
genotype were grown to mid-log phase at 30ºC and then treated with 0.2 µM
LatA for 5 hours before fixing and staining with DAPI and aniline blue.  Scale
bar:10 µm. (C)  Quantitative data for cells treated as in Figure 14B.  (D)  Cells of
the indicated genotype were streaked on YES plate and assayed for colony
formation after 3 days at 30ºC.  (E)  cps1-191 and cps1-191 rad24Δ mutants were
grown to mid-log phase at 24ºC, then shifted to 36ºC for four hours before fixing
and staining with DAPI and aniline blue.  Scale bar 10 µm.  (F) Quantitative data
for cells treated as in Figure 14E.  (G)  Cells of the indicated genotype were
grown to mid-log phase and then treated with 0.2 µM LatA for 5 hours before





4.2.7 Rad24p is required for cytoplasmic retention of Clp1p and for
prolonged SIN signaling
Having established that Rad24p was important for cytokinesis checkpoint
maintenance, I addressed if Rad24p was important for controlling the cytoplasmic
localization of Clp1p.  To this end, wild-type and rad24Δ cells expressing Clp1p-
GFP were treated with LatA or DMSO (solvent control).  The localization of
Clp1p was similar in wild-type and rad24Δ cells treated with DMSO, in that
Clp1p was present in the nucleolus and SPB in interphase and in the cytoplasm,
actomyosin ring, and the mid-spindle during mitosis (Figure 15A).  Interestingly,
while the Clp1p signal in the cytoplasm was similar to that in the nucleus in LatA
treated wild-type cells (nucleus/cytoplasmic intensity ratio of 1.30 ± 0.22, n = 60
cells), Clp1p was largely nuclear in rad24Δ cells treated with LatA
(nucleus/cytoplasmic intensity ratio of 1.91 ± 0.43, n = 60 cells).  These studies
suggest that continued cytoplasmic localization of Clp1p upon LatA treatment
depends on Rad24p function.  Similarly, Clp1p-GFP localization to the cytoplasm
of heat-arrested cps1-191 cells (which activates a cytokinesis delay by a different
means) also depended on Rad24p function.  While the Clp1p-GFP signal (Figure
15B) in the nucleus was comparable to that in the cytoplasm in heat-arrested
cps1-191 cells (nucleus/cytoplasmic intensity ratio of 1.06 ± 0.14, n = 60 cells),
the Clp1p-GFP signal was enriched in the nucleus of similarly treated cps1-191
rad24Δ cells (nucleus/cytoplasmic intensity ratio of 2.19 ± 0.51 n = 60 cells).
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Thus, under a variety of conditions that perturb the cell division apparatus,
Rad24p appears to be involved in the cytoplasmic retention of Clp1p.
In fission yeast, actomyosin ring maintenance during late stages of cytokinesis
and division septum assembly depends on the SIN (Simanis 2003).  The duration
of SIN signaling is prolonged in wild-type cells treated with LatA, but declines
rapidly in clp1Δ cells treated with LatA (Figure 13A).  I thus asked if the loss of
Rad24p also led to a rapid decrease of SIN signaling.  To this end, wild-type and
rad24Δ cells expressing Cdc7p-GFP were synchronized by centrifugal elutriation,
and small G2 cells were treated with LatA.  The SIN component Cdc7p localizes
to one of the two SPBs late in mitosis and remains there until completion of
cytokinesis. Localization of Cdc7p on one SPB has been correlated with an active
SIN configuration (McCollum and Gould 2001).  While Cdc7p was retained at
one SPB for more than two hours in wild-type cells treated with LatA, Cdc7p was
rapidly lost from the SPB when rad24Δ cells were treated similarly (Figure 15C).
These studies establish that Rad24p, like Clp1p, is required for increasing the
duration of SIN signaling in response to stress on the cell division apparatus.
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Figure 15: Rad24p is required for cytoplasmic retention of Clp1p and for
prolonged SIN signaling upon perturbation of the cytokinetic machinery.
(A)  Wild-type and rad24Δ cells carrying an integrated copy of Clp1p-GFP were
grown to mid-log phase at 30ºC and then treated with 0.2 µM LatA for 3.5 hours
before fixing and staining with DAPI and aniline blue.  Clp1p-GFP localization
was monitored by using GFP epifluroscence. Scale bar: 10 µm. (B)  cps1-191 and
cps1-191 rad24Δ cells carrying an integrated copy of Clp1p-GFP were grown to
mid-log phase at 25ºC and then shifted to 36ºC for 4 hours before fixing and
staining with DAPI and aniline blue.  Clp1p-GFP localization was monitored by
using GFP fluorescence.  Scale bar 10 µm. (C)  Wild-type and rad24Δ cells
carrying integrated copies of Cdc7p-GFP were cultured to mid-log phase at 30ºC,
synchronized in early G2 by centrifugal elutriation and then treated with 0.2 µM
LatA or DMSO (solvent control) and cultured at 30ºC. Cells were fixed at 30
minute intervals, stained with antibodies against GFP and scored for localization




4.2.8 Rad24p physically associates with phosphorylated Clp1p in vitro
Given the conclusion that Rad24p was important for cytoplasmic retention of
Clp1p and the checkpoint response, I addressed if Rad24p physically bound to
Clp1p.  To focus on this question, we utilized two approaches.  In the first
approach the ability of GST-Rad24p expressed in E. coli to bind HA-tagged
Clp1p isolated from S. pombe cell lysates was assayed.  While Clp1p-HA did not
bind to control GST beads, Clp1p-HA was efficiently isolated on GST-Rad24p
beads, suggesting physical interaction between Rad24p and Clp1p (Figure 16A).
The GST-Rad24p bound Clp1p-HA migrated slower than that isolated in total
lysates from asynchronous cells, indicating a potentially phosphorylated form of
Clp1p might bind Rad24p.  To independently confirm this physical interaction
between Rad24p and Clp1p we utilized a co-immunoprecipitation assay.  To
achieve this, a strain was constructed in which the endogenous Rad24p was
tagged with GFP and the endogenous Clp1p was tagged with the HA-epitope.
Immune complexes generated with the mAB 12-CA5 (anti HA monoclonal
antibodies) also contained Rad24p-GFP and immune complexes generated with
GFP-antibodies also contained Clp1p-HA (Figure 16B).  Rad24p has also been
isolated by McCollum and colleagues as a Clp1p binding partner (Trautmann and
McCollum 2005).  Thus, Rad24p physically interacts with Clp1p.
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To test if Clp1p bound to GST-Rad24p was indeed phosphorylated, Clp1p-HA
was isolated on GST-Rad24p beads and incubated with alkaline phosphatase (AP)
or with alkaline phosphatase and its inhibitors.  I found that Clp1p-HA treated
with AP was faster migrating than GST-Rad24p bound Clp1p-HA and Clp1p-HA
treated with AP and inhibitors (Figure 16C).  These experiments suggest that a
phosphorylated form of Clp1p-HA bind to Rad24p.  Given that Clp1p and the SIN
participate in the cytokinesis checkpoint response and function in a positive
feedback loop, it was possible that phosphorylation of Clp1p was mediated by
elements of the SIN.  I therefore assayed the ability of Clp1p-HA isolated from
sid2-250 cells grown at 24°C or 36°C to bind GST-Rad24p beads.  Surprisingly,
we found that Clp1p-HA isolated from sid2-250 grown at either the permissive or
the restrictive temperatures was unable to bind GST-Rad24p beads (Figure 16D),
although Clp1p-HA isolated from wild-type cells under identical conditions
bound Rad24p.  Given that Clp1p-HA isolated from sid2-250 grown at permissive
temperature did not bind Rad24p, I predicted that sid2-250 might be cytokinesis
checkpoint defective even at its permissive temperature.  Consistently, I found
that sid2-250 cells accumulated multiple nuclei upon exposure to LatA, but not in
the DMSO solvent control (Figure 16E).  I conclude that a phosphorylated form
of Clp1p binds Rad24p and that this binding requires the function of Sid2p and
possibly other members of the SIN.
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Figure 16: Rad24p binds to phosphorylated Clp1p in vitro.
(A)  GST and GST-Rad24p were produced in E. coli and mixed with protein
extracts prepared from clp1-HA S. pombe cells.  The complexes precipitated with
glutathione-agarose were western blotted and probed with mAB 12-CA5 (anti HA
monoclonal antibodies).  (B)  Wild-type, clp1-HA, rad24-GFP and clp1-HA
rad24-GFP cells were grown to mid-log phase and lysed under native conditions.
Part of the lysate were subjected to anti-HA and anti-GFP immunoprecipitations.
Both total lysates and immunoprecipitates were resolved by SDS-PAGE and
immunoblotted with either mAB 12-CA5 or anti-GFP polyclonal antibodies.  (C)
The GST-Rad24p pull down complex was treated with calf-intestinal alkaline
phosphatase in the presence or absence of phosphatase inhibitor and was analyzed
by Western blotting with 12CA5 antibodies.  (D) Clarified protein extracts
prepared from clp1-HA or clp1-HA sid2-250 grown either at the permissive
temperature of 25ºC or at restrictive temperature of 36ºC for 4 hours, were mixed
with Rad24p-GST.  The complexes precipitated with glutathione-agarose were
western blotted and probed with mAB 12-CA5.  (E)  sid2-250 cells were grown to
mid-log phase at 25ºC and then treated with 0.2 µM LatA for 8 hours at 25ºC





4.2.9 Ectopic activation of the SIN compensates for the loss of Rad24p
during cytokinesis
I have shown that the function of Clp1p in maintaining a cytokinesis-competent
state can be largely bypassed by ectopic activation of the SIN (Figure 12).  I
therefore assayed if the function of Rad24p in the cytokinesis checkpoint could
also be bypassed by these means.  I therefore constructed a strain of the genotype
cdc16-116 rad24Δ and compared the ability of this strain and the two parental
single mutants to complete cytokinesis in response to LatA treatment.  I also
studied the localization of Clp1p-GFP upon LatA treatment in these strains.  As
shown previously, rad24Δ cells were incapable of completing cytokinesis (Figure
17A and B).  In addition, consistent with previous data (Figure 12), cdc16-116
cells were able to complete cytokinesis and division septum assembly upon LatA
treatment (Figure 17A and B).  Interestingly, mutation of cdc16 bypassed the
requirement for Rad24p in G2 delay and completion of cytokinesis in response to
cytokinetic defects.  As shown in Figure 17, cdc16-116 rad24Δ cells, unlike
rad24Δ single mutants were largely binucleate and contained a complete septum
that bisected the cell.  As expected, Clp1p was nucleolar in LatA treated rad24Δ
cells (nucleus / cytoplasmic intensity ratio of 3.0 ± 0.8 n = 60 cells) and was not
enriched in the nucleolus in Lat A treated cdc16-116 cells (nucleus / cytoplasmic
intensity ratio of 1.28 ± 0.34 n = 60 cells).  Surprisingly, in LatA treated cdc16-
116 rad24Δ cells, Clp1p was localized in the nucleolus (nucleus / cytoplasmic
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intensity ratio of 2.47 ± 0.69 n = 60 cells).  These experiments suggest that the
primary role of Rad24p, similar to Clp1p, was to prolong the duration of SIN
signaling in order to allow completion of cytokinesis.  These experiments also
demonstrate that Clp1p is not required to be present in the cytoplasm in order to
allow completion of cytokinesis if the SIN pathway is maintained in an active
state.  These experiments also reveal that cytoplasmic retention of Clp1p under
conditions of active SIN depends on Rad24p.
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Figure 17: Ectopic activation of the SIN compensates for the loss of Rad24p
during cytokinesis.
(A) Cells of the indicated genotype carrying an integrated copy of Clp1p-GFP
were grown to mid-log phase at 25ºC, then shifted to 36ºC and treated with 0.2
µM LatA for 5 hours before fixing and staining with DAPI and aniline blue.
Clp1p-GFP localization was monitored by using GFP epifluroscence.  Scale bar:
10 µm.  (B)  Quantitative data for cells treated as in Figure17A.
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4.2.10 Rad24p localizes to the actomyosin ring and the spindle pole bodies in
cells undergoing mitosis and cytokinesis in a SIN-dependent manner.
Given the role of Rad24p in prolonging SIN signaling and in its role in the
completion of cytokinesis under conditions of stress to the cell division apparatus,
I proceeded to study the intracellular localization of Rad24p.  To this end, a strain
expressing chromosomally tagged Rad24p-GFP was constructed.  This fusion
protein is fully functional, since the cells expressing this fusion resembled wild-
type cells in morphology (Figure 18A and B).  Rad24p displayed a striking cell
cycle-dependent localization pattern.  Rad24p was detected in the cytoplasm at all
stages of the cell cycle.  Interestingly, Rad24p was also detected at the SPBs and
the actomyosin ring in mitotic and post-mitotic cells undergoing cytokinesis
(Figure 18A).  The SPB localization was further confirmed by its co-localization
with Sad1p, a known component of the SPB (Figure 18B).  Consistent with a role
in maintaining a cytokinesis-competent state, Rad24p was detected at the SPB and
the actomyosin ring in cells in which cytokinesis was delayed (Figure 18C).
Since Rad24p plays a key role in modulating the function of Clp1p and the SIN, I
was interested to determine whether Clp1p and the SIN affected the localization
of Rad24p.  Rad24p localization was largely unaffected in clp1Δ cells.  To study
the role of the SIN in localization of Rad24p, wild-type, cdc11-123, sid4-SA1 and
sid2-250 cells expressing Rad24p-GFP were synchronized in early G2 by
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centrifugal elutriation, shifted to the restrictive temperature of 36ºC and the
localization of Rad24p followed every 30 minutes.  Rad24p localized to the SPB
and the actomyosin ring in mitotic wild-type cells and also in cells lacking the
downstream SIN component Sid2p but failed to localize to the SPB in cells
lacking Cdc11p and Sid4p (Figures 18D and 18E, data not shown for sid4-SA1),
two known scaffold components of the SIN that are important for the loading of
numerous regulators of cytokinesis onto the SPB (Chang and Gould 2000; Krapp
et al. 2001; Morrell et al. 2004).  Approximately 60-80% of mitotic wild-type and
sid2-250 cells contained SPB localized Rad24p while less than 5% of mitotic
cdc11-123 cells displayed SPB localization of Rad24p, at the restrictive
temperature.  These experiments reveal that Rad24p co-localizes with molecules
important for cytokinesis checkpoint execution and also depends on the scaffold
proteins Cdc11p and Sid4p for its localization to the SPB.
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Figure 18: Rad24p localizes to the actomyosin ring and the spindle pole body
in cells undergoing mitosis in a SIN-dependent manner.
(A)  Deconvolved maximal projections of Rad24p-GFP expressing cells during
cytokinesis.  (B)  Cells expressing Rad24p-GFP and Sad1p-DsRed under their
native promoters were cultured to mid-log phase at 19ºC and observed by
fluroscence microscopy. Cells at different stages of the cell cycle are shown.
Note that the Rad24p-GFP signal is enriched on the SPB and the actomyosin ring
in cells undergoing mitosis and persists until cells complete cytokinesis.  (C)
cps1-191 Rad24p-GFP cells were grown to mid-log phase at 24ºC and then
shifted to 36ºC for 3 hours before images were acquired.   Deconvolved maximal
projections are shown below.  (D)  Cells of the indicated genotype carrying an
integrated copy of Rad24p-GFP were grown to mid-log phase at 30ºC,
synchronized in early G2 by centrifugal elutriation and then shifted to 36ºC.  Plot
shows percent cells with detectable Rad24p signal at the SPB.  (E)  Deconvolved
maximal projections of sid2-250 and cdc11-123 cells shifted to 36°C for 3.5
hours.  Note that unlike sid2-250 cells, cdc11-123 cells do not show any




Fission yeast mutants defective in actomyosin ring formation and function exhibit
a prolonged G2 delay following cytokinesis failure.  This G2 delay depends on
the SIN, a signaling network essential for cytokinesis, and the non-essential
Cdc14p family phosphatase, Clp1p and has been proposed to signify a cytokinesis
checkpoint mechanism. However, the physiological relevance of this proposed
Clp1p-dependent checkpoint is unclear since all previous studies were carried out
using mutations in essential actomyosin ring components under fully restrictive
conditions and thus these cells would have died regardless of the presence of the
checkpoint. In this study I have provided evidence for, and described the
physiological role of Clp1p in ensuring cell viability upon mild perturbation of the
cell-division machinery. I show that delays in cytokinesis caused by minor
perturbations to different components of the cytokinetic machinery, which
normally cause only mild defects, become lethal when Clp1p/Flp1p is inactivated.
Based on this evidence I propose that Clp1p, together with its effector, the SIN,
form an integral part of a cytokinesis checkpoint that ensures damaged cell
division structures are maintained and/or reformed in order to allow the
completion of cytokinesis.
I propose that aspects of cytokinesis such as actomyosin ring function, cell wall
assembly, and possibly secretion are monitored by the cytokinesis checkpoint,
through a mechanism requiring Clp1p and the SIN.  This is demonstrated by the
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dramatic cytokinetic failure of clp1 and SIN mutants (under semi-permissive
conditions) when the cell division machinery is perturbed through the use of a
variety of cytokinesis mutants as well as through the use of cytoskeletal
inhibitors.  The mutants studied include those that are defective in actomyosin
ring assembly, division septum assembly, as well as a type V myosin mutant that
is likely to be involved in vesicle targeting.  The fact that Clp1p is a component of
the actomyosin ring (Trautmann et al., 2001; Cueille et al., 2001) makes it an
attractive candidate for monitoring the progression/completion of cytokinesis.
However, it is equally likely that Clp1p is a downstream effector that responds to
cues initiated upon a failure of cytokinesis.
It is also interesting to note the parallels between Clp1p and other previously
described checkpoint proteins such as Mad2p and the budding yeast Rad9p
(Hartwell and Weinert 1989; He et al. 1997).  All three of these proteins are
normally non-essential, but do play a critical role in ensuring viability upon
perturbation of actin/cell wall (in yeast), microtubular machinery and DNA
integrity, respectively.  The fact that cells defective for Clp1p are sensitive to a
variety of perturbations to the cell division machinery is also consistent with a
role for Clp1p in monitoring several aspects of cytokinesis.  This is akin to the
sensitivity of, for example, rad9 mutants to a variety of DNA damaging agents.
What might be the normal function of this checkpoint?  The checkpoint may be
involved in allowing a period of time to correct minor defects in the assembly of
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the cell division apparatus due to temperature shifts, or possibly toxins (equivalent
to cytochalasin A, latrunculin A, pneumocandins and echinocandins) (Cooper
1987; Spector et al. 1989; Ayscough et al. 1997; Denning 1997;
Georgopapadakou 1998) secreted by other organisms that destroy the actomyosin
ring, cell wall biosynthetic machinery, or secretory machinery.  The fact that a
low percentage of clp1- cells display cytokinesis defects (Cuielle et al., 2001;
Trautmann et al., 2001) indicates that processes such as actomyosin ring assembly
and cell wall secretion in normal wild-type cells are also prone to errors that
might be corrected by the cytokinesis checkpoint.
What are the responses to cytokinesis checkpoint activation?  Previous studies
have shown that the checkpoint prevents the two interphase nuclei following
failed cytokinesis from entering into mitosis (This study; Trautmann et al., 2001;
Cueille et al., 2001).  I have shown that activation of the checkpoint actively
maintains physical structures important for cell division until cytokinesis is
completed (Figures 3,4).  I have also shown that in cells lacking Clp1p, a G2
delay provided using a cdc25-22 mutation is insufficient to allow completion of
division septum assembly.  This result establishes that Clp1p has roles in both the
physical maintenance of the actomyosin ring and in providing a G2 delay upon
perturbation of the cell division apparatus.  These data also establish that negative
regulation of Cdc2p kinase function is not the sole function of Clp1p, but that
Clp1p also functions (via SIN, discussed in a later section) to maintain the
actomyosin ring in a Cdc2p-independent manner.
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Research examining the relationship between Clp1p and the mitotic inducer
Cdc25p, has recently shed light on the mechanism by which Clp1p may be
affecting a delay in cell-cycle progression upon perturbation of the cytokinetic
machinery (Esteban et al. 2004; Wolfe and Gould 2004).  These authors show that
Cdc25p levels become elevated, and that Cdc25p becomes hyperphosphorylated,
upon mitotic exit and septation in clpΔ backgrounds.  The increased levels of
Cdc25p have also been shown to be due to a Clp1p-dependent reduction in the
ubiquitination of Cdc25p.  It is thought that Clp1p targets Cdc25p directly since
Clp1p is able to dephosphorylate Cdc2p-dependent phosphorylation events on
Cdc25p in vitro, and also since Clp1p and Cdc25p physically interact in vivo
(Esteban et al. 2004; Wolfe and Gould 2004).  Thus, taking all data together it
seems likely that Clp1p targets Cdc25p for degradation upon checkpoint
activation, leading to a delay in the activation of Cdc2p, and that this, at least in
part, delays progression into the subsequent mitosis.
My results indicate that the cytokinesis checkpoint consists of two independent
branches, one affecting cell-cycle progression, and the other affecting actomyosin
ring stability.  It should thus be possible to identify mutants in which one pathway
is functioning, while the other is compromised.  Intriguingly, such a mutant was
isolated in a screen for novel components of cytokinesis checkpoint function by
looking for hyper-sensitivity to low doses of Latrunculin A (Karagiannis et al.
2005).  lsk1Δ cells like clp1Δ cells, were inviable in the presence of low doses of
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LatA.  Furthermore, inviability was due to an inability to complete cytokinesis.  In
addition, like clp1Δ mutants, lsk1Δ cells were able to form actomyosin rings, but
were unable to maintain them for prolonged periods of time upon treatment with
low doses of LatA.  In contrast to Clp1p, however, Lsk1p was able to initiate the
checkpoint response, as judged by the prolonged localization of Clp1p to the
cytoplasm and Cdc7p to the SPB, and most importantly was fully competent to
delay cell-cycle progression for one complete cell cycle following checkpoint
activation (Karagiannis et al. 2005).  Importantly Lsk1p was shown to act as a
positive regulator of the SIN.  lsk1Δ mutations lowered the restrictive
temperatures of SIN mutants cdc14-114 and sid1-239, and furthermore was able
to suppress the lethal multi-septate phenotype conferred by the cdc16-116
mutation (Karagiannis et al. 2005).  It was proposed that Lsk1p acts subsequent to
checkpoint initiation as a positive regulator of the SIN, and therefore plays an
important role in promoting the successful constriction of the actomyosin ring
upon perturbation to the cytokinetic machinery.
The molecular role of Clp1p in re-establishing cell-division structures is currently
unclear.  It may regulate the activity of a component of the actomyosin ring
component directly or indirectly and/or it may reinforce the stability of the
actomyosin ring structure and promote the completion of assembly of division
septa by keeping the SIN active.   It is interesting to note that a recent study has
identified the FCH-domain protein Cdc15 as a target of Clp1p (Wachtler et al.
2006).  Cdc15 is an essential component of actomyosin ring, overexpression of
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which results in repeated rounds of actomyosin ring formation and constriction
leading to the formation of multiseptate cells (Fankhauser et al. 1995).  The
authors showed that when cytokinesis is delayed due to perturbation to the
division machinery, Cdc15p is maintained in a hyperphosphorylated form.  The
dephosphorylation of Cdc15p was shown to be partially dependent on Clp1p
(Wachtler et al. 2006).   This suggests a mechanism where Clp1p contributes to
maintenance of the actomyosin ring in late mitosis through Cdc15p, possibly by
regulating its phosphorylation status.
Clp1p also helps to maintain the actomyosin ring by prolonging the SIN signaling
when cytokinesis is perturbed.  Cdc7p and Sid1p are retained at one SPB in a
Clp1p dependent manner in wild-type cells treated with Lat A and in cps1-191
mutants at the restrictive temperature (This study and Trautmann et al., 2001)
suggesting a role for Clp1p in prolonging the duration of SIN signaling to effect
completion of cytokinesis.  The suggestion that Clp1p functions by prolonging the
duration of SIN signaling is also consistent with the similar phenotypes observed
in SIN mutants at the fully restrictive temperature, as well as clp1∆ cells in which
the cytokinetic machinery has been perturbed through treatment with Lat A.
Interestingly, the localization of Clp1p itself appears to depend on SIN function,
given that Clp1p is not maintained in the cytoplasm in cdc14-118 (a SIN mutant)
cells treated with Lat A under semi-permissive conditions, whereas Clp1p is
retained in the cytoplasm of wild-type cells treated with Lat A (Figure 13).  Thus,
I propose that Clp1p and SIN function in a positive feedback loop in which the
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localization of SIN depends on Clp1p and the maintenance of Clp1p in the
cytoplasm depends on SIN function.  I have also shown that the requirement for
Clp1p in G2 delay and in reestablishment and maintenance of cell-division
structures is significantly bypassed by ectopic activation of the SIN (Figure 12).
Thus, although SIN and Clp1p function in a positive feedback loop, active SIN
alone is largely sufficient to allow completion of cytokinesis and maintain G2
arrest.  Previous studies have shown that ectopic activation of the SIN results in
repeated rounds of septation in interphase arrested cells (Schmidt et al., 1997;
Fankhauser et al., 1993; Balasubramanian et al., 1998; Minet et al., 1979).  The
ability of cells to complete septation in a SIN and Clp1p-dependent manner in
interphase, upon perturbation of the cell-division apparatus, might provide a
physiological explanation for the observed ability of ectopic SIN signaling to
promote septation in interphase arrested cells (Minet et al., 1979; Fankhauser et
al., 1993; Schmidt et al., 1997).
It is presently unclear if Clp1p acts at the level of Byr4p-Cdc16p complex, Plo1p,
or at the level of Spg1p, all of which can be modulated to maintain an active SIN
cascade (Minet et al., 1979; Furge et al., 1998; Schmidt et al., 1997;
Balasubramanian et al., 1998).  Given that Cdc14p family of phosphatases has
been shown to reverse Cdc2p/Cdk1p-phosphorylation on several of its substrates
(Visintin et al. 1998; Ubersax et al. 2003), Clp1p might also regulate SIN through
other mechanisms not involving known components of the SIN. In S. cereviciae
MEN pathway protein Cdc15p, the Cdc7p orthologue and Bfa1p, the Byr4p
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orthologue has been shown to be a direct substrate for Cdc14p (Jaspersen and
Morgan 2000; Pereira et al. 2002).  By analogy Cdc7p and Byr4p are the possible
candidate substrates for Clp1p.  Whether the phosphorylation status of these
proteins change when the cells are under cytokinetic challenge in a Clp1p
dependent manner would be the subject of future studies.
Of particular interest is the similarity between the phenotype of SIN mutants at
the fully restrictive temperature and low-dose Lat A-treated clp1∆ cells (Figure
11).  In both cases the primary defect is a failure to maintain the integrity of the
ring leading ultimately to its disassembly.  Since SIN genes are essential, and clp1
non-essential, the simplest interpretation taking all the data together is that Clp1p
function is required for ring maintenance only upon perturbation of the cell
division machinery while SIN function is required for maintenance of the
actomyosin ring at the end of every cell cycle during ring constriction and
septation.  It is also possible that SIN has other essential functions in cytokinesis,
since delivery and assembly of Cps1p, an integral membrane protein important for
division septum assembly is abrogated in SIN mutants (Cortes et al. 2002; Liu et
al. 2002).
The protein phosphatase Clp1p is sequestered in the nucleolus in
interphase where it is presumed to be inactive (Cueille et al. 2001; Trautmann et
al. 2001).  In cells under cytokinetic challenge it is retained in the cytoplasm till
cytokinesis is completed (this study and (Trautmann et al. 2001).  I have shown
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that the retention of Clp1p in the cytoplasm depends on the 14-3-3 protein,
Rad24p, but not the related 14-3-3 protein Rad25p.  I have also shown that
Rad24p physically interacts with a phosphorylated form of Clp1p and thus the
cytoplasmic retention is likely to be mediated by this physical interaction.  Given
that Cdc14p is a member of a highly conserved family of protein phosphatases
(Bembenek and Yu 2003; Saito et al. 2004; Stegmeier and Amon 2004;
Clemente-Blanco et al. 2006), regulation of its localization by 14-3-3 proteins in
other systems as well appears to be a strong possibility.
In this context, it is worth noting that retention of the mitotic activator Cdc25p in
the cytoplasm in response to DNA damage depends on binding of phosphorylated
Cdc25p to Rad24p.  It has been proposed that Rad24p binding blocks nuclear
localization of Cdc25p, which is nuclear at steady state but otherwise shuttles
between the nucleus and cytoplasm, thereby leading to progressive accumulation
of Cdc25p in the cytoplasm (Lopez-Girona et al. 1999; Zeng and Piwnica-Worms
1999).  Given that Clp1p and Rad24p are cytoplasmic during normal cytokinesis,
and that Rad24p is not enriched in the nucleus upon cytokinesis delay, we prefer
the idea that Rad24p prevents nuclear accumulation of Clp1p.  This proposal is
consistent with the finding that Clp1p fused to a nuclear export sequence was able
to partially bypass the checkpoint defect of rad24Δ mutants (Trautmann and
McCollum 2005).  However, additional studies are required to rule out the
possibility that Rad24p promotes nuclear export of Clp1p.
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The fact that Clp1p fused to a nuclear export sequence only partially bypasses the
checkpoint defect of rad24Δ mutants, suggests that Rad24p might have additional
targets important for cytokinesis regulation.  Consistently, I have observed
synthetic negative effects upon deletion of rad24 and clp1 (data not shown).  A
strong possibility is that Rad24p might bind to members of the SIN in order to
maintain their cellular locations and/or prolong the duration of activated states of
various components of the SIN.  In this context it is interesting that Rad24p
colocalizes with SIN components at the SPB and depends on Cdc11p and Sid4p,
two known components of the SIN, for its localization.  In addition, we have
found that Cdc7p and Sid1p physically interact with Rad24p (data not shown).
Future studies should clarify the role of Rad24p in regulating SIN function.
I have also shown that Clp1p binding to Rad24p is dependent on the function of
the SIN component, Sid2p.  The fact that SIN is also important for the cytokinesis
checkpoint suggests that SIN-dependent phosphorylation of Clp1p may allow
binding to Rad24p, which in turn might prolong the duration of SIN signaling in
order to facilitate completion of cytokinesis upon stress to the cell division
structures.  I have previously shown by fluorescence recovery after
photobleaching (FRAP) experiments that SIN components shuttle between the
cytoplasm and the SPB (data not shown).  I therefore imagine that
cytoplasmically localized Clp1p might dephosphorylate cytoplasmically localized
SIN molecules, which might then remain active over longer periods.  The Clp1p /
Rad24p-mediated prolonged activation of SIN is consistent with the finding that
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constitutively active SIN bypasses the requirement for Clp1p (Figure 12) and
Rad24p (Figure 17) in cytokinesis checkpoint response. Future studies should
address the identity of the kinases that directly phosphorylate Clp1p and the
mechanism by which cytoplasmically localized Clp1p precisely prolongs the
duration of SIN signaling.
Several lines of evidence have suggested the existence of similar arrest
mechanisms in mammalian cells upon perturbations to the cytokinetic machinery.
It has been shown that animal cells that exit mitosis while cytokinesis is blocked
remain arrested in a telophase like state with persistent cell-division structures.
Furthermore, these cells are capable of initiating cytokinesis when the cytokinesis
block is removed (Martineau et al. 1995; Canman et al. 2000).  In addition,
mammalian cells impaired in the synthesis of phosphotidylethanolamine are
unable to carry out cytokinesis and arrest with a stable actomyosin ring and
interphase nuclei (Emoto and Umeda 2000).  Finally, mammalian cells treated
with a myosin II ATPase inhibitor arrest as binucleate cells with intact
actomyosin rings and the underlying microtubular network as in fission yeast cells
(Pardo and Nurse 2003; Straight et al. 2003).  Presently it is unclear how this
arrest is mediated in metazoan cells.  However, proteins similar to Clp1p and SIN
components such as Mob1p and Cdc11p have been identified in several
eukaryotes including animal cells (Bardin and Amon 2001; Bembenek and Yu
2001; Moreno et al. 2001; Pereira and Schiebel 2001; Gruneberg et al. 2002;
Gromley et al. 2003) raising the possibility that similar molecules might function
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in cytokinesis checkpoint-like processes in a variety of eukaryotic cell types.
In summary, I have demonstrated that the fission yeast cells delay in a cytokinesis
competent phase in response to minor perturbations of the cell division apparatus.
This delay signifies a cytokinesis checkpoint phase and is dependent on the
essential signaling component, the SIN and the Cdc14 family protein phosphatase,
Clp1p. Clp1p, normally nucleolar in interphase, is retained in the cytoplasm when
cytokinesis is delayed.  This retention depends on the 14-3-3 protein Rad24p and
the SIN kinase Sid2p.  Rad24p binds to the phosphorylated form of Clp1p and
sequesters it in the cytoplasm till the completion of cytokinesis when cells are
under cytokinetic challenge. The cytokinesis checkpoint responds both by
providing an interphase arrest, and by promoting the reassembly of cell-division
structures such as the actomyosin ring and the division septum.  These two
responses thereby allow the completion of cytokinesis prior to the subsequent
mitosis.  These mechanisms operate to ensure that a mother cell divides to
produce two viable daughter cells whose ploidy is identical to that of the mother.
In future it will be important to identify the nature of the signal(s) that are
monitored by the cytokinesis checkpoint, the detailed mechanism by which
actomyosin rings and possibly other cell division structures are reassembled.  It
will also be interesting to find the kinases that directly phosphorylate Clp1p and
the precise mechanism by which cytoplasmically localized Clp1p prolongs the
duration of SIN signaling.
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